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ABSTRACT 


Deren seonzjlazedssycsvem.or instruction combining the 
Painciplie of anto-tutorial instruction with modified seif- 
pucune was applied to a course in the fundamentals of gas 
snamics taught to thirteen students in the Department of 
meronautics at the Naval Postgraduate School, Monterey, 
during the Spring quarter of 1972. The course results are 
Summarized and the instructional materials developed for the 
Con Se are included as appendices. While some degradation 
was apparent due to modifications made to the method, the 
"١ 3 115 tended to affirm the substantial value of this 
instructional method and its superiority to the conventional 


lecture method. 
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I. THE EDUCATION PROBLEM 


Faced with the spectre of the "post-industrial age" 

[Ref. 1] with its exponential rise in population and complexity 
BE UNE ctengineerine prolesslion is being tasked to solve 
problems of vastly increased scope with reduced assets. 
Ene costs, increasingly critical public scrutiny, and a 

downward trend in the number of candidates for‏ ا اين 
zusaneeringe training are indicative of an impending crisis in‏ 
Mechanical education. Some of the more astute observers,‏ 

mae luding Vice Admiral Hyman Rickover, have been forecasting 
such problems for more than a decade [Ref. 2]. Recognizing 
meme trends, engineering educators are urgently exploring 
Emechods 61 instruction which will not only provide more 
Hh to the engineering student's education, but will also 
us de for more efficient time utilization by both students 
audweachers,. 

[ax unecmunmscuepb Fuller maintains that it will not suffice 
merely expand Our present educational systems, but rather 
that a "transformation" of great magnitude is essential [Ref. 
3J. The early stages of this transformation are already in 
progress and have provided some of the impetus and direction 
mochis project. 

Innovations in engineering education almost invariably 
Representa departure from the venerable and currently preva- 


Penn de on teachine known as "lecturing," wherein the 





instructor devotes a major portion of his contact hours with 
the students to the role described by Professor Flammer of 
دان‎ 55526 as that of a “dispenser of information" [Ref. 4]. 
He sees a dire need for the role of the professor to change — 
not diminishing as some observers fear with the advent of 
wertous other media for the dispensing of information, but 
porchHer assuming vastly greater importance as the teacher 
becomes more of a diagnostician and prescriber of learning 
experiences for each individual student [Ref. 4]. As Dr. 
Emmy Koen has suggested, "... it is not unreasonable to 
expect that Me cce educators ought to be able to 
'engineer' their courses." [Ref. 5] 

Learning may be thought of as resulting from the auspi- 
US combination of several interactive factors which can 
Gruner promote or hamper successful learning. The three 
principal influences are motivation, operant span and stimulus 
@emerol, Each of these is in turn influenced to a greater or 
lesser degree by several other educational factors. To draw 
ameanalogy from the realm of control theory, the problem in 
education is to introduce methods which generate feedback in 
order to modify the influence of each of these independent 
fheerors, SO as to optimize learning. One basic premise of 
mie concept Of ‘personalized instruction’ is that this more 
effectively provides the required feedback. 

The influencing factors are Nas follows: 


Motivation - The force which drives a student to seek to 
learn. 


Soma werontrol-=iInerefTeet exertea by the Tearning 
Surreounos OM The individual. 


Operant Span - The maximum scope (in size or complexity) 
ot a single block of material which may be 
assimilated by a given student at “a time. 


Sue bLure 2 Ihe concept and method of presentation of the 
course material. 


Facilities - The physical surrounds (including graphic aids 
and other media). 


ceiling = Rate or delivery. 
Intellectual Ability - The student's inherent talent. 
Eel or Deveteoment = The students specific level of 
aeri vementzeorz.skı])!i IN aA EIT 
Sun cer. arcar 
Quotidian Variability - A psychometric term used to identify 
daily variations an the Student no 
2251215167560 Che eCducat tone 2-7 
SUCH aS ness, tatligue. OL BE 
ari cing from idiosyncratic reopen e 
to some unique aspeet or feature ol 
the educational environs. [Ref. 6] 
Ine interaction of these factors "forms the basis of a 
Substantial portion of current educational research. Detailed 
mee ollPayton Ol these interactions represents subject matter 
Meli beyond the scope of this paper. Structure and pacing 
are the most obvious areas of concern in a system of 
E-moonalized instruction, though each factor must be considered. 
In the development of better methods, two unique aspects 


BEEM c nceepyng education must be considered: 


a. The professional skills and concepts involve principally 
Ohe zeoenatave-domain. 


DE ren Or Skills exists, Which causes mastery or 
most areas to be dependent on a thorough grounding in 
Preceding material. 





IE thoroughly master the required Hierarchy of 
skills (a common tendency among many students) can lead to 
the development of a condition referred to as "cumulative 
ignorance," which probably accounts for the majority of the 
failures and "drop outs" in the engineering educational 
Eus. I mno other gain be realized, the possibility of 
precluding some cumulative ignorance justifies the efforts 
expended in searching for better methods. However there is 
mounting evidence that methods have been devised and are 
proven which not only help solve the problem of cumulative 
mmorance, but also provide far more optimal interaction of 


che various parameters affecting the learning process. 
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DD DHESCORVENPIONABb LECTURE METHOD 


The standard with which all other educational methods are 
usually compared (or contrasted) is the "conventional lecture 
method." The term as used herein connotes a formal discourse 
wherein the instructor ("lecturer") presents the course 
Merial through the media of the spoken word, using no 
Mager ials or training aids other than a chalk board. The 
lu ccure method normally exhibits the following characteristics: 


a. The lecture ís time-constrained by the standard 
scheduled period. 


DN necsbucchtecueMDassvve role and 1s expected vo 
ans crac O eso OL Nerwise recora, wnatever 
information he deems essential. 


uL The pace as: essentially fixed by the lecturer based on 
the scheduled contact hours/course coverage. 


GO There is virtually no "real-time" feedback. Due to the 
time Com raint, questions or individual dificulti r 
are usually deferred. This leads to the not unusual 
situation ot the student missing vital succeeding 
concepts while momentarily pondering a puzzling point. 


wee neNCihertity Of presenbatvion is strongly dependent on 
CheemposIvery abalıty ol the lecturer. 


The conventional lecture method is seldom utilized exactly 

as described above. It is normally modified by one (or more) 

ai many variations in structure or facilities ranging from 
simple devices, such as the use of colored chalk, to the complex, 
such as closed circuit television with printed, pre-distributed 
Moves. Where class size and time permit, most lecturers 

peek feedback by encouraging questions from the class av 

any time. While these variations mitigate somewhat the 


shortcomings of the lecture, the basic weaknesses remain. 


The more capable students are held back and the students 

suffering from any substantial amount of "cumulative ig- 

norance" find their burden of cumulative ignorance is growing. 
The lecture method has three advantages which have acted 

EN SLcP lls acceptance for hundreds, if not thousands of 

Br ars. On closer examination these 'so-called' advantages 

pas c to contribute to administrative expediency = but often 

al Che expense of learning. There is truth in the statement 

EU students often learn the material of a course in spite 

Oboe teaching methods rather than because of them. Firstly, 

the conventional lecture provides for the most rapid and 

Bn 200215106 00 الات‎ Oi 25111-01535101 by the lecturer with the 

mS imum amount of equipment or materials. This says nothing 

Hut the amount of information actually received by tne stu- 

IM Second tne elegance of presentation and the inTluenee 

of the lecturer on his class can serve to "sell" the concepts 

ved tome class. Thirdly, this method is accepted. 

This is a very real consideration when one must deal with 


Amer problem of institutional inertia. 


10 





III.  ALTERNATIVES TO THE CONVENTIONAL LECTURE METHOD 


Many of the variations or innovations associated with 
Ben-lecture methods, such as written course objectives, 
دك‎ uceLor tutoring, peer tutoring, visual aids and printed 
Mares tor outlines, can be effectively used to enhance the 
uc ure. However, while improving the lecture method, these 
mmmovallons do nou directly contribute to the basic need of 
Em student to explore the topic at his own best speed. 
nes Can only be achieved by abandoning the lecture as the 
mermary information vehicle. 

Cüurrent lyin vogue among engineering educators are 
Tal varieties of non-lecture methods, nearly all based 
lhe reintorcement theories first expounded by Sidney 
Pressey and B. F. Skinner [Ref. 7]. Their research resulted 
ust in the development of "programmed instruction". The 
Programmed Text and the Teaching Machine are direct applica- 
tions of this reinforcement theory and are now widely used 
(with proven effectiveness) for the instruction of material 
imwolving verbal or skill knowledge. These methods suffer 
from relatively inflexible structure and the tendency to 
waren the instructor .0ut of the picture. Also, neither 
method has proven quite so adaptable to complex concepts 
Molina cognitive strategy, such as engineering problem 
ONE om desien.. Bor this reason, engineering educators 
have been among the last to experiment with new teaching 


techniques. However, these shortcomings have recently 


a 7 





prompted the development of several closely related methods 
known variously as "Auto-Tutorial Instruction" [Ref. 8], 
"Self-Paced Individually Prescribed Instruction" [Ref. 9], 
"Personalized (or Proctorial) System of Instruction [Ref. 10, 
11] or some similar designation, all of which are more or 

less self-paced and vary primarily in the method by which 
Bcsnlorcement iS achieved and progress is evaluated. However, 
00 1ا) د مهت لام‎ teca cner, rin. the role of diagnostieian, tutor. 
counselor and designer of learning experiences [Ref. 12] is 


the key to success of these systems. 


jp 


IV. PERSONALIZED INSTRUCTION 


Daalessorr’in. Hy Keller ls generally regarded as" whe 
poemedjpal architect of this method which he calls the 
mamoccorial (or personalized) System of Instruction" (PSI); 
though many of the features were concurrently and indepen- 
dently developed by Professor S. H. Postlewaite at Purdue 
niversity in Indiana. The basic features of this method 
Migcecuceinctly described by Professor B. V. Koen of the 
University of Texas as follows: [Ref. 13] 

1. The 'go-at-your-own-pace' feature, which permits a 


student: vo move CLEOUS TUNE COUTESE SC 4A Speeca comiensis 
rate wiıchenas pa tyzandeotcherzdemends upon nioa No 


2, The unit-perfection requirement for advance, which lets 
the student go ahead to new materlal only after 
Gemnonserarne Wasecry sol eiauswhiteiepreceded . 


EE "he use ot lectures as vehicles of motivation, rather 
than Sources or erty teal ant Onmat om, 


4, The related stress upon the written work in teacher- 
student communication; and, finally: 


er. The Use 01 proctors, which permits repeated testing, 

immediate scoring, almost unavoidable tutoring, and 

a marked enhancement of the personal-social aspect of 

the educational process. 
This summary by Dr. Koen clearly illustrates the particular 
@ecirability and applicability of this method to engineering 
education and accounts for the growing success Of This amecnod. 
The particularly agonizing problem of "cumulative ignorance" 
is effectively overcome by the unit-perfection requirement of 
this method. 

The concept of PSI is predicated on the validity of 


r2emroreement theory.‘ The course is divided into- an 


13 
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appropriate number of units, depending on major subject areas 
emer Complexity of the material. “Bach student is provided 

nmm nca Study Guide for the unit of instruction on which he is 
working which will contain: 


a. Course objectives - defined in terms of measurable 
behavior: 


b. Reading assignments (if a text is used). 


Discussion Of theoretical concepts and application 
BO 52650112100 EONS, 


SEEN Example problems with @ discussion of the general 
Philosophy arda pecil Ce c Niidue s Of Solution. 


el Practice problems, with answers and guidance where 
necessary. 


miewsocudagent's initial exposure to new concepts can thus proceed 
at his own pace. A fundamental concept of PSI is that the 
mu vucLor holds the Key to success of the system in his rote 
as "trouble-shooter." Ideally the Study Guides will provide 
eee 1CLent ly clear texposivion of the concepts so that the 
cacher will be freed to spend most of his time dealing with 
the individual problems which require personal attention. 

ne princrpal problems encountered by practitioners. of 
mee method were summarized recently by Dr. Gilmour Sherman 
ome Georgetown University — who, as an associate of Professor 
Keller in the development of the PSI method, has received 
considerable feedback from various educators implementing PSI 
Mone or another form. Dr. Sherman's list can be Summarized 
55 follows: -L[Ref. 147 


Professor works harder than ever. 
students work harder. 


Substantial increase in logistic and administrative 
workload. 


14 


Staff (if paid) becomes expensive. 
. Class size for effective implementation is limited. 


Production lead time for materials is burdensome. 


ION WU += 


Procrastination by students creates problems with 
ISPs ol 


8. How to assign grades? 
“merece, che last two problém areas seem the most pernicious. 
The advocates of PSI with experience have generally shown 
that the system can be engineered to minimize all of these 
problems with a few iterations, resulting in proven increases 
Muscriectiveness of instruction. For an in-depth current 
= sessment of the be Er rule 2noa7o1 Fol, the reader Is ren Tiei 


١121٠. 15, in its entirety.‏ كد 
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ZEN EPREEOARTLEONFORTEST TO-A- GAS DYNAMICS COURSE AT NPS 


Aen deon derat tion in the development of Pol 
materials for the Gas Dynamics course offered at NPS was 
insure compatibility with the quarter system. It was 
therefore determined that while retaining the self-paced, 
aA -guided features of the course for each instructional 
mc. the pace woula be controlled in a longterm sense by 
scheduling the check tests (to determine mastery of each 
unit) to be taken at regular intervals by all (13) students 
involved in the PSI course. This also permitted adequate 
ead time for the development of the Study Guides for each 
Unit and allowed some feedback of information to modify 
Haber units tO improve any notable weaknesses in format 
Beecovered in early units. The study guides are included 
as Appendix A. 

Two major mid-course modifications were instituted, The 
EPOD. a decision to discontinue the practice of repeating 
check tests (except in an extreme case) was made by the 
Instructor when it was determined that time constraints may 
have prevented the class from finishing within the quarter. 
Secondly, in order to appease a number of students who found 
jt discomforting to have no group sessions, the instructor 
mastituved the practice of group review discussions in order 
tOo re-inforce the material. This provided tutoring on a 
group basis, for those who desired to attend the problem 


sessions. 


16 


VI. EVALUATION OF RESULTS 


The success of this project was intended initially to 
be measured by three principal means: 
WW Comparison wilh a “control group in the form of a 
class of twelve students taught by the instructor 


using the conventional lecture method during the 
same quarter: 


2. A comprehensive student questionaire administered 
ac the Wend or the course to chel thirteen students 
involved in Che “Fol te lace. 


Be A critique session concerning the course, to be 
moderated by the writer at the end of the quarter. 


ine to the lack of Statistical Sieniticance of Sany ware 
movolving groups of this size, grade comparisons are 
æn dered to have little meaning. However the instructor 
felt that there was a tendency toward better overall 
comprehension by the students in the PSI group as determined 
by major quiz and final examination averages. 

The questionaire (Appendix B) which was given to each 
student in the PSI group revealed several key facts. Twelve 
of the thirteen students returned the questionaire and 
where appropriate the numerical average is tabulated in the 
right hand column beside the question. Noteworthy are the 
Endent's apparent high regard for the concept of defined 
objectives, study guides and check tests. Significant 
comments from the last questions are included in Appendix C. 

The critique session tended to corroborate the comments 
in the questionaires. A noteworthy comment from this session 


is included in Appendix C. 


1 
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VII. CONCLUSIONS AND RECOMMENDATIONS 


In-s6-far as this course followed the model of PSI as 
uoncejrved by Professor Keller, the results, based on the 
subjective evaluation of the students involved and the 
Uuscoructor, tend to substantiate the value of this approach. 
Given the bastardization of the long-term self-paced concept 
mel resulted from controlling the administration of the check 
mesos in the manner described, the hoped-for uniform high 
level of mastery was not achieved. However, several comments 
by students in the course indicated the 'depth' of knowledge 
Ae yed was generally greater than normal and most students 
admitted they worked harder than in previous courses. The 
controls applied to the pacing of the course negated a true 
Ep uation of the problem of student procrastination; however, 
eemments from two stúdents who fared poorly in the course 
amn i buted this to a personal lack of interest in the subject 
Esa. Tb is also noteworthy that only four of tne twelve 
students who returned questionaires sought tutorial aid from 
Bue instructor. This resulted in part from the students! 
dependence on the review discussion sessions to iron out 
problems and in at least one instance was the admitted result 
of a student's personal antipathy toward the course and 
miseructor. This E a fairly obvious example of quotidian 
variability adversely affecting motivation, hence learning. 
The student in question is otherwise average but fared poorly 


UnubnyS Course. 
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eco mmendedreheab In the next offering ol Cas— 
Dynamics the course be made truly self-paced with the use of 
a proctor drawn from one of the students who have taken the 
course under this project. Eleven of the twelve students 
who responded to the questionaire indicated their willingness 
Go serve as a tutor. While it is not unreasonable to assume 
Muscany student volunteering to serve in this capacity would 
be substantially compensated by the challenge involved in 
Mis task, the time constraints and the inherent demands of 
w academic Todd certainly justify some more tangible reward: 
Many Institutions are paying the graduate students utilized 
اللا‎ 215 capacity miniS T being inappropriate at this institutions 
mers Strongly recommended that some sort of academic credit 
Preeranted to che student undertaking this task as tutor or 
Practor., 

With the materials and experience resulting from this 
Mist cycle, the foundation exists to truly exploit this 
proven method in succeeding offerings of the Gas Dynamics 
@ourse at the Naval Post-graduate school. Moreover the 
MmtcxDility and effectiveness of this method indicate the 
Meir ability of applying this method to other courses. 
Perhaps the most concise statement to date concerning the 
underlying strength of the Keller method was made by 
Professor A. J. Dressler in the foreword to a recent work- 


shop on the Keller Method. [Ref. 15] 
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"The rapid spread of the Keller method is remarkable 
when one considers the handicaps it has had to over- 
come: 

(1) It is a new idea that challenges a teaching 
technique (the lecture method) that is hundreds, if 
not thousands, of years old. New ideas are not usually 
received with delignt. 

(2) It is based on a controversial theory; the 
05-1211101 الع راعج‎ Uneory associated wictn the name. ol 
BAP. Skinder: 

(3) It involves more work for both the teacher 
and the student. More work is something that most 
people feel they do not need. 

MS pate tone seme ai ee ales one Keller method 
has spread at a remarkable rate for one simple reason - - 


mt works!” 


20 


APPENDIX A - STUDY GUIDES 


The Study Guides written for this course were developed 
دلا ين‎ used in conjunction with the text Gas Dynamics by 
Professor James E. A. John [Ref. 16]. Additional reference 
material and assistance was gained from Refs. l/ - 20. 
he Course Objectives were developed using the methods in 
Mets. 21 and 22. 

pome additional handouts were prepared by the instructor 
Ededistpbributed to assist the students with certain points. 
some of this material will eventually be incorporated in 


the future revisions of the Study Guides. 


za 
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INTRODUCTION 


It is assumed that before entering the world of Gas 
Bynamıics you have had a reasonable background in Mathematics 
(through Calculus), together with an exposure to basic Fluid 
Dynamics and a course in elementary Thermodynamics. 


Prior to undertaking new material it will prove frustiul 
to review some fundamental concepts and facts from which 
we study of Gas Dynamics will proceed. 


Pat St read poe CulOnom i wmh OUP TI. > in the mM ou 
aa also find It useful to review your notes or textbooks 
EET "n previous 11111001 Mechanics ana Thermodynamics courses. 
Eu cn answer the following review questions as completely as 
Possible using any source you wish. Your answers are to be 
wnc ted to the instructor at which time you will. be pro- 
51034604 correct answers to these review questions. No attempt 
a be made to eontimverwitch this course until you feed 
mat you understand the answers to all of these review 
questions. = 


* All references to sections, equations, diagrams, ete. in 
the 'Text' refer to GAS DYNAMICS by James E. A. John. Any 
other referenced sources will be referred to by name. 
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20. 


E. 


A 


Is. 


14. 


In. 


6. 


ا 


REVIEW QUESTIONS 


Can you recall the Taylor's Series Expansion, uds 
applications and 1111 0115 7 


How 1s a derivative suecnhtas = defined? 


Cite the basic units of measurement in the MLT system. 
(Metric and English) 


Wnat is the definition of a one pound force (in terms 
of pounds-mass, feet and seconds)? 


Explain the significance of E. in Newton's Second Law. 
What are a consistent set of units for E 


What is the distinguishing characteristic of a I ec 
(as compared to a solid)? 


Describe the basic difference between gases and IU: 
When can a gas be treated as a continuum? 


Explain the difference between a microscopic and a 
macroscopic approach to the analysis of fluid Behave. 


Describe a FLUID PROPERTY and give three or more examples 
of a fluid property. (Note: We will use the term 'Fluid 
property' to mean 'Gross' or Bull fluid property sas 
used in the text.) 


Fluid properties may be cater or ed as GILE INTENSIVE 
or EXTENSIVE. Define what is meant by each ande sts 
many examples of each type of property as you can. 


What does the term "specific" imply? (example: specific 
enthalpy) 


What is the relationship between density and Specil de 
volume? 


Describe an EQUATION OF STATE and recall one with which 
VOU are familiar. 


State the PERFECT GAS LAW. When Es e ala (i.e. what 
are it's limitations?) 


Give a consistent set of units for each term in the 
Perfect Gas Law. 


Define a system. Describe the difference between an 
open system and a closed system. 
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20: 


23 


22: 


23. 


24. 


25. 


B 


a: 


28. 
E. 
DU. 


EU. 


Be. 


33. 


34. 


35. 


Escribe tre CONTROL VOLUME APPROACH to a problem and 
Compare it wiehmune eONtROl MASS APPROACH... “Can vou 
identify the INDEPENDENT and DEPENDENT variables in 
each case? 


Define a STATE FUNCTION and a PATH FUNCTION. Give 
examples of each. 


What is a PROCESS? What asa CYCLE? 


How is the Zero th LAW of THERMODYNAMICS related to 
Lemper Cure? 


SEALE CSE FIRST LAV of THERMODYNAMICS for a closed 
SS Teme 


Give a form of the FIRST LAW applicable to an open 
ERE In. 


State any form of the SECOND LAW of THERMODYNAMICS. 
Define ENTROPY. 
Give equations tnat relate entropy to 

a.) internal energy. 

D.) enthalpy: 
Define a REVERSIBLE PROCESS for a THERMODYNAMIC system. 
ls any real process ever reversible? Of what practical 
value is the concept of reversible processes? 
What are some IRREVERSIBLE EFFECTS? 
What is an ADIABATIC process? 


If a process SS BOTH'FE ER TBLE ond" ADIABATIC 1t 1S 
also something else. What? 





STATE VARTABLE T eS ONS Ane nran LSENTROPIC‏ افونا 
FROCESS? — Isr3e°possiblerteschave an isentropie process‏ 
JCSDSBOCCSS?‏ 5177 6 تي مغر Ca TIST NOt a‏ 


Ii we say doa = 0, does this automatically imply an 
TSENTROPIC situation? “where. Sas ENTROPY). 


Define (in the form of a partial derivative) the SPECIFIC 
HEAT'S (Cy and Cy). Are these expressions valid for 
a material in any state? Are they valid for any process? 


Hor ce PERN EC Ghee oF BC lav: INE RNAs ENERGY a Sea 
function -oOf which seare variables? 


Eora FERPRCI CAS, O PECIFIO ENTHALP is aes nec Lom 7or 
which state variables? 


2! 


36. For the equation: Q = W+ AE 
How are the signs conventions defined for Heat and Work? 


St. Process Plots 


NM increasing 





n . 
pv = ¢ ; where $ Sacos cant" 
Re] ssanvwsposı,c.ıve number, 


nis ista T General TFolvrropie Process. 
a) In the p-v diagram place each of the following in 
aone Or re M D a 


b) In the T-s diagram, label each process line with 
Mie "COMreCy Valves or nm ana identity which 1 
Probe” Ls Neid constant. 


c) Are these plots general, or are they restricted 
toma Perfect Gas? Why? 


COMMENTS OF THE REVIEW QUESTIONS 


ie. from CRC Tables (17th edition) 
ASTOR S SERIES 


2 
Sr M c 


The Taylor's Series expansion enables one to examine the 
unknown iuidi properties at orn arbitrary point (xina 
continuous flow field by an expansion of the derivatives 
of the properties at a point (a) where these are known. 

Note that all of the derivatives are evaluated at point 


(a). 


2 
dy. Uum USES 
dx joco) AX 
linc inpor an apone he ee eae the derivative i a 
Process which becomes valid in the limit as the inch = 
mental change in the state variable becomes vanishingly 
emalis 
B SOLEM 







Absolute Prise ach Absolute 
(MKS) Metric(CGS)JGravitat'nl|English 


English 
Engineering 


Mass kilogram gram slug pound- 
mass mass 
DZ Second second | [second — | 
= newton pound- poundal a 
force TOF OG 

1 


ke-m 
on 


gm-om y Slue-ft 
dyne=secé ! 3bp-sec 





4. A one pound force will give a one pound mass an accelera- 
Uode peso qm t sees 


Se FORCE =< MASS times ACCELERATION 
FORCE = (Constant )(Mass) Acceleration) 
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TO: 


TI; 


M. 


The CONSTANT rectifies the dimensions involved. If we 
assign the symbol proc to this constant, Newton's Law 
ten” be Svaved 


and EG will have the values indicated in the table above. 


_ 1 (ibm) 32.17! (ft/sec^) 
Sc 1 E 


ft-1bm 


= 32.171 ibi- soc 


It will continuously deform under the influence of an 
applied SHEARING FORCE. 


There is no rigorous distinction between gases and liquids 
but generally we think of liquids as being nearly incom- 
pressible (actually they are slightly compressible) whereas 
gases are very compressible (thus gases assume the volume 
of a closed container). The problem in making a clear 
distinction becomes impossible when one considers a 

nica” is tano ve ICS Critical point.‏ 15021166 د 


Refer to Section 1.2 in the text (Gas Dynamics, John) 


considerine tche macroscopic approach of a small: but rinite 
1018لا من‎ “Ole wud consisting Of a SULT ciently large number 
of molecules, we may define a FLUID PROPERTY by using the 
timit- concept of two relationships such as: 


p = lim er where "a" is a small 


EIEE AA Dita tat Cea res 


In any case the resulting characteristic exhibited by the 
fluid will be as though we were considering a single point 
in the fluid. Such a characteristic (a property) is 
independent of the path by which the point was reached. 
Examples are: pressure, density, temperature, entropy, 
en-halpy, etc, 


Intensive properties exhibit the same characteristics 
independent of the amount of mass present. Temperature, 
pressure and specific properties are INTENSIVE. 
Extensive properties are dependent on the amount of 
mass present. Mass, energy, entropy and enthalpy are 
examples. 


The term "specific" refers to the amount of an extensive 
Property per unit mass. 


e 


iS. 


pu. 


MS. 


16. 


I. 


IE 


19. 


enessityers the reciprocal of specific volume: 


> 
1 
<| 


NI CIUALION OI SLICE soa relationship among propervaies- 
The most familiar is the Perfect Gas Law: 


P = pRT 


where P is pressure 
p is density 
Re bo a ESO sl ano 
T is temperature 


The Perfect Gas Law is derived from kinetic theory and 
neglects molecular volume and inter-molecular forces. 
ere ro ren e aS Law can be used to deal with 
gases under conditions of low density (consider the 
variables) wherein these two phenomena are not significant 
factors. Gases at low pressures and high temperatures 

are closely described by the Perfect Gas Law. 


P — 1bf/ft? (absolute pressure) 
p — lbm/ft3 
T — °R (absolute temperature) 
DE 

lbm-?R 


The term system is used in a broad sense to identify 
clearly Whatever rt iS that is under consideration. “A 
elosed system is one in which mass cannot enter or leave; 
an open system is one in which mass may enter and/or 
leave. 


The CONTROL MASS approach to a fluid flow problem utilizes 
a closed system, whereas the CONTROL VOLUME approach 
considers a fixed volume in space. Energy can cross the 
boundaries of either system whereas mass can only cross 
ime weeumidear less Ol an open system. 


A state function (also called a point function or property) 
is an Observable characteristic which describes tbe 
physical or thermal state of a system. Two or more state 
functions fix the state of a system. 
Path functions are transient phenomena. Consider Heat 
and Work: 
— Systems never possess heat or work, but either or both 
cross the system boundary when a system undergoes a 
change of state. 
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20. 


za 


De 


D. 


24, 


Eo. 


20. 


— Boum. Meal and work are DouUNndary phenomena.  BoOun 
are observed only at the boundaries of the system, 
CE POLN r Oe Present enc rey Crossing LICE DOOUNOSTY 
of the system. xx 

MEE are iHertunerijonszanarıinexaet ’dirTrferenrtal., 


Benmegess is acchange ©, ertate in a systen Which has a 
DorialessequeneezorsrelaL ronship beiween the State 
variables. A cycle consists of several processes which 
vary chem state of a system Ñ aña return it to the original 
state. 





The so called "zeroth" law of thermodynamics defines the 
state variable temperature in terms of two systems which 
are nscbermalsc our pr Uma Wei a bards YS Gem, 


For cyclic operation: IQ = EW DIE $aQ = jaw 


Kor non-eyelrer Zoperstion. Q W + AE 
6Q 6W + GE 


unero Near TOV iit OU Newa vs bole hs POS 1 lb 1 Vem ane 
work Kano orhieo Bolt wom mp Ne os vomen. 15° DOS1 tlie. 


Thus a new property has been defined —E, the total 
energy of the system. 


dQ. aH, a — 
dt E T SE d e p dV. t : J e p (V:dA) 


It is impossible to make any transformation whose only 
final result is the exchange of a non-zero amount of 
heat with less than two heat reservoirs and the appear- 
ance of a positive amount of work in the surroundings. 
(from Lord Kelvin's statement of the second law of 
thermodynamics, 1851) 


ey 
T 


mol wake process: 
Tas -du T- pdy 


ner ul] szspeeifje internal energy, ا‎ 
enupoboy ana Vi IS speci tic Volume. “lok ip are 
bemberature and pressure. 


Tds = dh - vdp 
where "h" is specific enthalpy. 


Gr چ‎ 





xx 
INTRODUCTION TO THERMODYNAMICS, Sonntag & Van Wylen. 
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2. 


28. 


SE 


BU. 


En. 


Bo. 
33. 


34. 
ED. 
ES. 


Conceptually, a reversible process is one in which both 
pncacvsvemcane 10S Surroundings can be returned Uo their 
orieinar conditions.. Although NO real process Ls 
reversible in a strict sense, processes which elosely 
approximate this ídeal may be realized. 


CM irreversible erfect causes a disturbance in =the 
equilibrium state of a system. To quote from Elements 
of Gas Dynamics, by Liepmann and Roshko: 


en a iA IC IS ITCECE O‏ 1515م 
"currents". The term current refers to the flux of‏ 
arquantity Make peal mass, momentum, CLE CR CUT‏ 
of heat flows if there is a finite temperature‏ 
CUTE Ol Mass Llows Wer cheregie rd‏ 4 :0511165260525 
disTerencezınSeoneene rar on Ore me compone uc‏ 
current of momentum flows if there is a difference‏ 
gere oca e‏ 


Pous stirring a ruid, sudden heating or any Process 
MONO LINA Erica on 1 reversa bles 


LT DIOCESES INVOLV ne Non ransler tol Neat LO Or ITO 
system is called adiabatic. 


CENTOS, 


Entro 7 TE ES POSS Lowe COsba Lance =Ehe ancrea seme 
62520517 within a system due Co irreversibilities witis: 
decrease in entropy due to heat flow and achieve a 
resultane change in entropy of zero (or an ISENTROPTE 
process). This process is obviously neither adiabatic 
nor reversible. 

Recall: as = ds. + ds, 


Yes. 


Q2 


) zen 
D m oT 5 


Im 
aja 
3s 


C 
p 


These definitions are valid for any process and for any 
material in- any state. 


Temeer aul te Clu ya, 
Temperature ONLY. 


Heat into the system is positive. Work done by the 
Syevem 2S positive. 
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N increasing 





Pie puecess Imessuecnera= l referring to T = 
constant (Qj) and n 9) “referring to isentropic are 
restricted to Perfect Gases. Why? 


oe 


UNIT 1 - BASIC EQUATIONS - OBJECTIVES 


The student shall be able to: 


T, 


Oe 


Beare Lhe DasSieCeconcepusst vom Which the study of Gas 
Dynamics proceeds. 


Explain the difference between a MATERIAL DERIVATIVE 
fore (OU DEREN Vl ance PARTIAL DERIVATIVE vetta 
lu Decr rose ige, 


OBbraın thes Breperries Ar oOmerpointein a flow field xn 
terms of properties and their derivatives at- -another 
Beine. by meanssol,a Taylor'’s mer Tess Fxpansıon. 


State the equation used to relate the material derivative 
eL any extensive property to the properties inside cf ane 
HIEOS Sinto mDounder estara controlo volume. PDC cum 
Sach term inerhereguat von, 


starting with the basic concepts or equations which are 
Told Tor a CONTROL MASS. Obtain the: integral forms gon 
the ENERGY, CONTINUITY, and MOMENTUM equations for a 
CONTROL VOLUME. 


Amp lit che integral forms of the ENERGY, CONTINUITY 
and MOMENTUM equations for a control volume for the 
Condition Tor Steady, One-dimensional low. 


Apply the simplified forms of the ENERGY, CONTINUITY, 
and MOMENTUM equations to differential control volumes. 


Tol Chol by introducing the concept Gf ENTROPY and cme 

definition of ENTHALPY, the path function HEAT (dQ) may 

be removed from the ENERGY equation to yield the expres- 
SON sometimes called the "PRESSURE ENERGY Equation." 


dE 4 a (V^) E s 
p Bo Sc 





+ Tas, + S = 0 


Simplify the PRESSURE ENERGY Equation to obtain BERNOULLI's 
EaU CION: 


Apply Newton's Second Law of Motion to a differential 


control volume and develop the MOMENTUM equation for 
Steady, One-dimensional flow. 
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ini. 


Identify each term and explain the restrictions and 


assumptions tor each er the tollowing equations: 


n 


2) 


3) 


1 


5) 


dp 
p 


ôq 


+ 





dA qu 
p n más 
a(Pv) + EUM 
2 
QD EC 
ege Be 
2 
SD A gaz 
Dre. Sc 
e Bc Ea 
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gdz 


Ec 








S D 
8 
: = o 
0 = 7 P 
l 0 B 
B u 
B 0 i B 
u | o B E 0 
7 = | 
0 a 
0 i E a 
0 0 0 0 
0 0 o 0 mE e m 0 
: CS a Sw 0 
0 l IM 


Sua y cuace Unit. 1 


Basic Equations 


Bar Equations of Motion = 


a) 


b) 


Review Section 1.4 of the Text. List the unknowns and 
the Equations (by name) which will be used to solve 
for these unknowns in the study of compressible fluid 
flow. How does the problem simplify if the flow is 
6612551062304 6 pre oSI DLlE? 

State in your own words what is meant by (1) the 
conservation of Mass, (2) the Conservation of Energy 
and (3) the Conservation of Momentum. Is Momentum 


actually conserved? 


The Basic Relationships with which we will analyze Gas 
Pynamices vill pe: 


(1) CONTINUITY (Derived from Conservation of Mass) 
(2) ENERGY (Derived from Conservation of Energy) 
(3) MOMENTUM (Derived from NEWTON'S SECOND LAW) 
(4) An EQUATION OF STATE|p 

Pe go 

others 
(5) THERMODYNAMIC CONSIDERATIONS 
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Ber 7 jransTormation of a Material Derivative of any Extensive 


PPO Pe CC eoa Control Vollmer Ap proce 


Let X be the total amount of any extensive property in 
a given mass. 


Let x be the amount 


ES X = f xan 


of A per unit mass. 


Shy ليدم‎ f oxav Ciao 





V 
where dv = incremental volume element. 

Ze S 

jp ES S 

RE 

== O | At time t + at the 

١ . 

CS ee Same mass particles 
e — A occupy this roe Ton 

| / in space. 


[At time t the given mass occupies this region. | 


Consider what happens to a material derivative such as 


dt 
dX _ lim Cine leave lie Or NE = (Initial value of X), TE 
t At 0 At 
malen > X 01 repions 2°& 3 computed at time t + At~ 
\ } 
Ritual . € SOL PeplOns. Uk 2 Computed at Cine t= 
| / xam + f xam] -[ / san + f xan ] 
lr At>0 


At 
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Consider the two terms: 


E. T | ff xan | - | ff xan | 
ATL OU 2 AMD e © 


AU 
But since 
X = | xan 
e Jo 
En Xo(t + At) - X,(t) E 9X, 
At>0 At Jt 


mS Tartial derivative notation is used since the region is 
fixed: 


2. As At > 0, region (2) = the original confines of the mass. 


Nes tica las celos Control volume. 


|f xan] w xan 3X 0 
2 E 2 T CN S. = f oxdx (*1.2! 


ADUS : lim ` nm = — 3 س‎ 
ya = at a 





Note - by definition 
region i Sf ormed 
by the: fluid Movie 

out of the control 

volume. 






f xan | 
lim 3 t+At 


AGO. AT 





Consider the term 






This integral represents the amount of X in region (3) 
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/ (3) . 
e N 


: \ 


n 


an 
EET 1 
NO 
me p 7 
"m E 


/ 


men be a unit outward normal 


Notes "i dsatemeoulvalene to an in the Text, 
SECTION 1.0, 


Asse bezansineremene OF =Surtace dividing 
regions (2) & (3) 


V.n = component of V to ds 
(V.n) ds = volumetric flow rate 
o(V.n) as =mass flow rate 


o(V.n) as At = amount of mass that crossed ds in time At 


ox(V.n) ds At amount of X that crossed ds in time At 


Thus J ox(V.n)dsat = tata Ll amount "on Ln peclona 5 Cole, 25) 


out 


at 





CI 


— 





o) 


and lim 
AT>0 | fem]. m 
س‎ = a ee 
oS 


At S 


where pu is the surface where fluid leaves the control volume. 


Mee lH LIMIT? All properties are going to be evaluated at 
the surface S, thus equation (*1.25) is only 
al 2001021251011. Lt. becomes exact in the 
dus pop. 


nuuc integral is called a flux or rate of X flow out of the 
eomerol volume. 


Pama larly: 


uen ma uNe inward normal 


en EM UN f sine: 
At>O Au Sen 


or this represents an "X Flux" 
Tuto Cle control volumes 





Note that this term appears in equation (*1.23) with a minus 
owen. If we use n (outward) here, since n = -n', the 
combination of these two terms can be obtained by integrating 
pu following over the entire surface: 


f ae ds - fees ds = J xo ues (F127) 
5 54 ea 
ONDE IN 


Where c.s. represents the control surface surrounding The 
on er ol volume. 
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Final result becomes: 


RA REN f y a ١ | 
Oral material mE xpdv + xp (V.n)ds coy 


derivative u: E 


< integral I integral 


AGAIN: This applies to any extensive (Mass dependent) property 
Whe Uleie mc asa dla Forza nec or. 


lu Words: The rate of change of X for a given mass as it is 
moving around is equal to the rate of change of X 
inside on scentrol volume plus Che nece du DN 
rave) Of X out of the control volume. (1.6.5 wha 
goes out minus what comes in), 








X can be momentum > x = V (used to transform Newton's 2nd law) 
s 7 
X can be energy > x =e = u + TA E WE 
e © 


(used to transform lst law of thermo) 
feo be mass itself — x = 1 (used to transform continuity Ea) 


or other. ---- 


Thais may help. co sort out what is and is nous 
Material Derivative (or the change of an extensive 
property within a control mass) 


Fora Control Mass: 


dQ = dW 7 dE 

at dt dt 

t f 
These are NOT Mater tal ini sau a Vene 
Derivatives as they des- Derivative. 
CriDe the rate OF rans ier 


Ol @nerey across ca.ssulrlace. 





E 


Thus we may summarize the two approaches to a flow problem: 


1.) CONTROL MASS - wherein a given mass is observed. 
Mais is called. a Closed System  (i.e,, monenw 
matter can enter or leave the system) 


2.) CONTROL VOLUME - wherein a particular fixed volume 
in space is observed. This is called an 
Open System. 


As an example let X (the extensive property) be Mass (M). 

TIn the transformation equation relating the Material Derivative 
of an extensive property (X)to the Control Volume, in 

Equation *1.28, X is mass, hence x is mass per unit mass, 

or x = 1. Thus Equation *1.28 becomes: 


u) a Jf ow JH oss 


CRNE CRIDON 


= 0 


material 
derivative 


210 9 N rer 
0 ا‎ o av + DUO 


CV. CEO. 


at 


lum 93s the CONTINUITY EQUATION for a control volume. There 
are other forms of this equation for special conditions such 
smn ady flow, etc. which we will now develop. 
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Jn 


a) 


b) 


c) 


d) 


En Control Mass versus Control Volume 


COMMENT - The concept developed in 1.2 is presented in 
mano reniated Lorm by the Lexus Compare these uo 


paraller developuents as.chis important concept muso 





be thoroughly understood. 


Realismo mo bhemBaster tex. , 

Can you interpret the conversion from the consideration 
of a fixed MASS system and the properties associated 
with it to a CONTROL VOLUME approach? Which is more 
Convenient aia sw 7 

Do you understand the significance of each term in 
Equation (1.7)2? What does each term mean (Explain in 
words). 

SHOU HIC CEI WILL orep out rot Equation (1.7) Mn 


any stedoay flow Situation and explain why. 


— M M———— ——MÀ— — MÀ 


Note 1: Equation numbers without an asterisk refer to \ 
equations in the text (JOHN). 


Equations with an asterisk (e.g., *1.23) refer 
poscdguatueocascamerHessspudyseues: 
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ir 


L 


CONSERVATION OF MASS 


a.) 


p^.) 


e.) 


du) 


Read scect#on 1. (in che text. 


COMMENT - In this course we shall assume that Matter 


and rnereysramesezen separately conserved, as Wwe 


snñarliinor "eonslider"eeanstormations such as occur 


in nuclear reactions. 





Nal TSE Frinespal of Conservation. of Mass: nu 
words? 

Now skip ahead and read Section 1.12. The real 
importance of the One-Dimensional Flow assumption 

15 Thal 11 permito 5 Co easily Obtain approximane 
solutions (with acceptable engineering accuracy) 

to problems whose exact solutions would be extremely 
difficult. Any problem solution based on a simpli- 
fying assumption will yield results which vary vo 

some extent from the real-world problem. The decision 
bo VUoLlize a simplification depends on its ceorrerar Ton 
to experimental results, the availability and 

coso renace methods Of SOluU1 On and eine 

accuracy required of the solution: 

Now return to pg. 8 of the text and determine in 
detail the restrictions imposed in progressing from 


Earn ao oO qe CIO 
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2.) 


NOTE WELL: The condition of ONE-DIMENSIONAL Flow 
poses NOSeestrictlons on density, area, velocity, 
(or any other fluid property) from section to 
Seo ERr ECEN Of flow; but does say that 


[On ae ivepmmecamrOn at a given instant of Time, 


the flow variables are assumed constant over 


the entire cross-section. 





BQUat ICOM 1! 10( SS often written pAV = constant, 
in which case the V is assumed to be the component 
61 Veloemey perpendieular to the area. What quan 


is the constant? 


Pies ork “out the Units 
iste ceorrecusbOesay Chat the continuity equabion 
Cale SEALE aS “The flow rate into a control 
volume equals the flow rate out of the control 
volume?" Is this mass flow rate or volumetric flow 
totem Nab Condition must exist before the above 
sta ement is true, Follow through examples |. i 
ieee tan you LIST the assumptions made for each 
of these problems? 
Dtous mores Convenient for-the case Ol multiple 


enery and.exit’sjitvbetıons-.such as 
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to express the continuity equation for one-dimen- 
sional, steady flow as: ) pAV = 0 

Ansralvernaoe TOIL of the continuity equacidon (ror 
one-dimensional steady flow) is obtained by first 
Carine che segura lalogarithm of [AV = CONSTANT | 
anne 02211 ات‎ eme result, Try sie 

Yous hourd c 


de + dV + dA = 0 (41741) 
p M A 


Ta2.. tormetsauesceı WEI TzinLerpretine (che changes 
that ترات 0 :لام‎ 225 luid flows: throuúughra duct: 
channe OT SLICE uubpe. tt andicates that aii 
mass is to be conserved, the changes in density, 
786165631517 ane CroSsSSs=seclional area must compensate 
for one another. For example, if the area is 
constant (dA = 0), then any increase in velocity 
must be accompanied by a corresponding decrease 
Piedensiuy, has Torm of the continuity equation 


will also be useful in future derivations. 


Wy 





imo Conservation of Energy 


enh) 


De) 


VP 


MEAG SECTION COT Tne tex. 

Section 1.8 will be considered after the ENERGY con- 
COU saree rt lon. 

Do you recall the essential difference between a 
PATH FUNCTION and a STATE FUNCTION? The key lies 

in the- delfini tionol FAIH functions Whdeneace sens, 
defined in crossing a system boundary."Heat" and 
"pressure" are examples respectively of a PATH 

and a SIAIE Tunction. "List as many of eachta my n 
Cann ee 


PATH FUNCTIONS STATE FUNCTIONS 


What notation is used to represent the infini- 
tesimal change in a PATH function by JOHN? How 
about tbe notation for dan infinitesimal “chance A 
م‎ STATE PUNCTION2 | Why the @Gitterence: 

Example: 6Q = OW + dE 

Note that in eguati ions I 160 ands supseduenuw ime 
expression dQ/dt uses the same differential symbol 
for Heat (Q), a PATH function and for Energy (E) 

a TATE bone lon. Clas aS Valla peeause: Wwe are 
now dealing with a control volume, so the change 


in. Heat (om work) Us now... cuncoton OL tine toni 


a 
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d.) 


Two important concepts included in the development 
of equation (1.19) are: 

1) FLOW WORK 

2) ENTHALPY 
Flow WOLKE IS TNE OTK done Lo push the Ting inte 
(or out of) the system (i.e., CONTROL VOLUME). 
since it is often difficult to measure Flow work 
being done on the system (whereas the Shaft work 
and other types of work can usually be measured), 
it is advantageous to combine Flow work with specific 
Internal energy (a thermodynamic property) and 
thus define ENTHALPY (h). 
The formulation of the general ENERGY Equation as 
expressed in equation (1.19) can often be simpli- 
fied@=te facili waveroovtai ning a: solution to practicii 
pPeop ensainzeneineering. Consider the case on 
STEADY FLOW. We can summarize the effects of 
MEA FEON DY CwO conditions: 

1) MASS FLOW IN equals the MASS FLOW OUT of 

the CONTROL VOLUME < Why is this 507 EPET 


this define steady flow? 


2) (anything) = O Note carefully the use 
ot of partial versus the 
ördinary derivative | 


This assumption causes tbe first term of eg. 1.19 
hoe vanishes Similarly. :os imeexompies. loo ono n 
real problems can be readily treated by judicious 
definition of the control volume, which makes the 
surface integral in eq. (1.19) extremely easy to 


evaluate. 


1 6 


ل 1 


Ihe general ENERGY equation may be viewed as 
analogous GO a Dank account. Each of the terms 
represento ace rtala type of transaction, uc 
must be balanced against each other to balance 
the books in accordance with the Law of Conserva- 
CION TO TENERCI ORe OnO date your Understand 
of the effect of each term, next to each of the 
Statementssbelowsauengestherterm from the GENE 
ENERGY EQUATION, Equation (1.19), whose function 
is described.  (— You may have to separate certain 
terms) 
1) The time rate of change of total energy 

Wile mui Ce control volume 


Pee he HEL CEI IDS O 
KINETIC ENBRGY 


3 Ine net er i For POTENTIAL ENERGY 
associated with the earth's 
eravitational fiela. 

4) The net efflux of flow work 
aude IJ Cn enepew 

5) The rate at which heat enters 


the control volume 





6) The rate at which work (other than flow work) 


leaves the control volume 


4T 


E) 


h) 


From Thermodynamic considerations entropy can be broken 


down as follows: 


= x 
dis = ds, + ds, les 


where: "ds," represents entropy change caused by 
External Heat Transfer (or HEAT crossing 
the boundary). It is assumed that this Heat 
is transferred Reversibly. 
"as," represents the Entropy change causea 


Dale internal IRREVERSIBLE erieccs. 


$Q 


A (This can be + or - depending 


THUS 1) م05‎ = 
on, the sign -of 6Q) 


2) ds; is always positive! 


Now recall the "INEQUALITY of CLAUSIUS." Develop this 


freon 5 
6Q 
$ i0 S 


From your Review Questions you can recall 


ds, OG iamnpires ADIABATIC 


ds, O implies REVERSIBLE 
emer GS = O means ISENTROPIC, therefore if a situation 


Bera ADIABATIC and Reversible atris. TSENTROPIC. 


To simplify the application of the energy equation (1.19) 
to many engineering applications we will again apply the 


assumption of ONE-DIMENSIONAL FLOW. 
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Now for ONE-DIMENSIONAL steady flow a differential 
conuvrol volume may be conceptualized as the dotted area 


in Figure- *1,51l. 


| ı P+ dP (Or: V+ dv) 


p^ Vs dv 
| FLOW Figure *1.51 
A E 
| 1 At dA 
EE y 
i I U + du 
D i 


E v P 


Thus we may apply the Energy equation (1.19) to this 
control volumes ana divide out the flow rate wit une 


RO llowine result: 


sq = [(ptdp)(vtdv) = pv] + êw 


shaft 
2 Ce ioe 
+ C(vtau) + Stew , glztdz), TT aC 
eg. Bo eBo Be 


If we expand this and neglect terms of higher than linear 


order we now have the Energy Equation in differential form: 





a gaz x T 
me = a(pv) + BW LC dur 35 + E. (1.54) 


Fill in the intermediate steps for exercise. 


How would you define 6q and ów? 
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5L) 


39, 


The stage is now set to develop the "PRESSURE ENERGY 


EQUATION." From the Thermodynamic relation 
1 1-10-0002 dp ا‎ 


we can now substitute Equation *1.51 to obtain 


= dp x 
dh Tds, + Tds, - : )*1.56( 
Now by substituting from equation *1.56 for dh in place 

er cu + d(Pv) in equation FI,silzand’recomızıng char 


ôq, we can obtain the useful form of the energy‏ = م105 


equation often called the PRESSURE ENERGY equation. 


2 
dp atv) gaz = x 
; TI + ES + Tas, + 5W Luft 0 CASO) 


The PRESSURE ENERGY EQUATION is the source of a familiar 
relacion rom FLUID MECHANICS. if we consider the low 
as REVERSIBLE (ds, = sand No share Work crosses the 


boundary (sw = 0) and if the fluid is considered 


shaft 
incompressible (p =i) then we can integrate the Pressure 


Energy Equation between two points and obtain BERNOULLI's 


Equation. 
2 2 
p V gz p V EZ 
pue y xl = EA O (*1.50) 
p Ea Ba p Bo Ec 


Summarize the assumptions made for Bernoulli's Equation 
for your own. review. 
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1.6 - MOMENTUM 


As 


Prior to the development of the equation(s) describing 
momentum, consider the concept of momentum — could you 
describe momentum to a 'non-engineering type'? Reflect 
on your own understanding and if you feel uncertain 
aDOUt this concept, break out your, Physics vext cand 
merresh your understanding of ‘MOMENTUM! and MTU Es 
Study Section 1.8 in the text, including examples 1.3 
and 1.4. Are we considering angular momentum? 

How about acceleration effects? 

since neither angular momentum mor any acceleration 
effects are considered, we find that, from the verre 
equation (113) isin reality valid- -only under duite 
messy ric ped conditions. Explain in your own woNOSSUNC 
restriction related to each of the below listed concepts. 


a) Inertial Reference 
b) No Angular Momentum 
c) Control Volume (Fixed or Constant Velocity) 


Can you take equation (1.13) and "eross" both sides 
with the radius and come up with a similar relationship 
to deal with angular momentum? 

a Section 1.9 of the text, the material derivativezer 
the extensive property momentum is being transformed to 
a convrol volume A. which is then related 
to the forces acting on the control volume by Newton's 
Second Law of Motion. We can apply to equation (1.13) 


in the text, the simplifying assumption of Steady and 
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One-dimensional flow. For One-dimensional flow, the second 


Peri on the right side 


Figure *1.6-1 


which describes the net amount of momentum per unit mass 


nuossingp the control boundary simplifies as follows: 


(*1.6,1) 








From Section 1.5 we can recall the two useful effects of 


Steady Flow: 


0 ٠ _ 
ae (anything) = 0 


and: Y Mass Low din x- ? Mass p ON IMP = 0 zen 
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Therefore Equation (1.13) becomes 


-= m in — 


= — = s 
"on Fluid So Mon mn (*1.6,2) 
Having obtained a relation which is now expressed in 
terms of the mass flow rate and velocities in and out of 
tame control volume, we need now to examine the Forces 


acting on the control volume. 





Figure *1.6-2 


In Figure *1.6-2 we see summarized the various forces 


Ane on the control volume, where: 


W = Weight of Fluid in the control volume 
n = Upstream pressure forces 

o = Downstream pressure forces 

pe = Pressure forces exerted by the walls 
oe = HrPiLGpLON forces exerted by tne wall 


It is often common practice to group the last two together 


and refer to them as 'Enclosure Forces!. Where necessary 


D 





Cals melude other tóorces such as electrical, 
magnetic or other types of field forces which for 
simplicity we will not consider here. 

We establish co-ordinates and designate the various 
Merees by Subscript acting on a differential control 


volume of length dx. 


NOTE WELL 









Z and x are not 
orthogonal 
dimensions 


outgoing 
properties 





me Omang 
Preperties W 


Figure *1.6-3 


Since this is steady, ONE-DIMENSIONAL flow in the 
direction, the sum of Forces in any other direction 
must equal zero from equation (*1.6-2). 

f. We can now summarize the x-components of the Forces. 
Note we will establish the sign convention that force 
components in the upstream direction are positive. 


Upstream Pressure Forces @) 


fh. = PA (390/5927 
1x 
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Downstream Pressure Forces (2) 


Fa. = - (P * dP)(A * dA) (*1.6,1) 


Expanding and Neglecting higher ordered terms: 


D [PA + PdA + AdP] CEES 


Wall Pressure Forces 3) 


Pa, = (p + P)I(fPaL) sine (*1.6,6) 


where $ is the Mean Wetted Perimeter 
and 6 is the divergence angle of the wall 


if we recognize that 


COL) sine = dA (SOC D 


and we expand and neglect higher ordered terms. 


M MEO (*1.6,8) 


Or COS ©‏ نسم 


1f we define Tf as the mean shear stress along 


the wall 

Pr, = -= LT ( PaL) cos 0 J] CGD 
KeeBenTZz nor char OU COS O - X 

E F. dx (#1 GO 


m 





Gravity Force O) 


Fox = ~~ [ (A+ > Gees Flor ce SE) ] A COS. (1.0. KM 


Where ts oaectangle Ol inclination ol thew wearer 
but dx cos ó » dz. Expanding and neglecting higher 


order terms: 


cops I= x 
ir Ap dz (21,602 


Having shown that the right side of (*].6,2) is: 


م ne‏ ا 2 
6 


The x< component of this becomes: 


2 [v+av-v] (*1.6,2b) 
Bo 
or 
2 dV 
Sc 


You should equate the forces to the right side, cancel 


terms and obtain the following result: 


= 0 (je, Gl) 





E AVaV 
E ob teure : 


To evaluate the Shear term we will introduce a non- 


dimenc ional friction CO-cllicient (fi jeWhiche will relave 
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shear force to the dynamic pressure. (Sometimes the 


er erion actor is defined without the factor of 4) 


Je 


T 
1 ee 
n 


p 
م25‎ 





NO 


We also introduce the concept of an ‘Equivalent diameter'. 


E. P (#1.6,15) 
Then 
A 
E De (#16 ID) 


and substituting these expressions into Equation (*1.6,13), 
divide the equation by density and we obtain a useful 
erm Of the Momentum Equation an the direction of fluid 


flow for steady, one-dimensional flow. 


2 
dP TE fV dx + & dz + Nw 0 (“ECO OD 





a 





1.7 - THERMODYNAMIC CONSIDERATIONS and EQUATION of STATE 


es 


Read Section 1.10. From your basic Thermodynamics course 
nsu recall that entropy changes can fall into one er 


WOR erent categorics: 


ds = ds, + ds, 


where ds. is the change in entropy due to irreversible 
501052565 (SUCH as friezicon) 


and ds. ( = ) is the change in entropy due to heat transfer. 


“Comment on ds, 

ds, 1S 21225 208111027 8231121667511 irreversiblesertenns 
generate entropy. Bul ll, lin a process, the chanco 

in pressure temperature, etc. are vanishingly small, 

then this process may be treated as reversible, 


hence ds, = 0, 


Comment on ds, 


ds, can be positive or negative (depending on the 


Searection of che hear branster) and is zero Irene 





Deeeseroansterzoeenns, 
Bed Section 1.11. This section reviews some vital 
concepts and relations which will be vital in many 
applications. Example 1.7 provides an excellent opportu- 
macy to follow through a problem using a systematic 


Problem solution technique, 
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A recommended method for approaching a problem is provided 
Below... Although each ofzcheserfaecetors may net figure in 
zum oproblem, asımas the case: in example 1.71, they Snouid 
newb you Organize a problem Solution. 


1) Identify (and sketch) CONTROL VOLUME, the dotted 
arca Inm Example iz 


2) Identify FORCES acting on the matter inside the 
CONTROL VOLUME. 


3) Identify where the fluid enters and leaves the 
CONTROL. VOLUME. 


4) Identify any energy (Q and W) being transferred 
across the control surface. 


DP ESTABLISH A COFORDINATE TSY TEM.: DON'T FORGET TON 
CONVENTIONS. 


6) BE ESPECIALLY CAREFUL WITH THE SIGNS OF VECTOR 
QUANTITIES SUCH AS V and F. 


1) EVALUATE WHAT IS KNOWN and WHAT IS UNKNOWN. DECIDE 
WHAT RELATIONSHIPS WILL BE USEFUL. 





The Basic Relationships with which we will analyze 


Gas Dynamics will be: 


1) CONTINUITY (Derived from Conservation of Mass) 


2) ENERGY (Derived from Conservation of Energy) 
3) MOMENTUM (Derived from NEWTON'S SECOND LAW) 
4) An EQUATION of STATE م‎ - ÇÛ 

PN GORL 

others 


5) THERMODYNAMIC CONSIDERATIONS 


Review Section 1.13. 
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UNIT 2 - STAGNATION CONCEPTS WAVE PROPAGATION and MACH NUMBERS 


- OBJECTIVES - 


Aver successfully completing this unit you should be able to: 


JE 


2, 


UD: 


PL 


[12 


Explain the stagnation state concept, how it is achieved 
and utilized. 


Campare the concept of a STAGNATION property with CLIR 
Œ ATIC property. 


Draw a T ~ S diagram representing a flow system and indicate 
static and stagnation points for an arbitrary section. 





Define STAGNATION ENTHALPY. 


Introduce the stagnation concept into the "Pressure Energy" 
equation and derive the "Stagnation Pressure Energy" 
eomatıon. 


Explain how sound is propagated through any medium (solid, 
01700104 or gas). 


ime SONIC VELOCITY. 


Utilize a control volume analysis to derive the general 
expression for the velocity of wave propagation in an 
eupicrary medium, starting with the “Continuity” and 
"Momentum" equations for steady, one dimensional flow. 


Recall the relations for: 
a. speed of Sound in an arbitrary medium. 
b. Speed of Sound in a Perfect Gas. 
cae Mach Number. 


Discuss the propagation of signal waves from a moving body 
iia fluid, and explain what is meant by ‘Zone of Actions 
one of Silence", ‘Mach Cone’, and 'Mach Angle”. 


Graphically portray the simplified flow over a wedge 
shaped body for SUBSONIC and SUPERSONIC flow. 


Express the basic equations in terms of Mach number for 
a Perfect Gas by showing that: 


conem ösntıinu eye gleracengesmebeswritteneas 
yee 


m = PAM ET 
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the "Energy" equation can be written as 


ek lt M^)dh + ES hdM^ = q- om, 


the "Momentum" equation can be written as 


ap Y ame ce Y m fdx 
s dN- S UN DE ا‎ 


P D 
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UNIT 


EE 


a. 


2 - STUDY GUIDE 


The Stagnation Concept 


We introduce the concept of a reference state defined as 
that thermodynamic state which would exist if the fluid 
were brought to zero velocity and zero potential. To 
yield a consistent reference state we must qualify how 
this "stagnation process" would be accomplished. The 
stagnation state must be reached: 
(a) without any energy exchange (Q = W = 0) 

Mis. without losses. 
Pyevartue of (a), dSe = 0, and from (b), dS; = ©. Thus 
che stagnation process is isentropic. 


TT Coan imagine the following example of actually carrying 
su Svbecsvagnuatlon process. Consider fluid whichis 
flowing under condition 1 in Figure *2.1 (these condi- 
tions are referred to as the "static" conditions). At 

tne fluid has been brought to zero velocity anik To 
potential under the above restrictions. 


B,V,1,#0 


© 







SIREAMTUBE 


Figure 52.1 


(ENSIS 


Apply the "energy" equation to the streamtube and you have: 


0 0 0 
y. * gz V g | 
h + Een a = hj * qoc e (#2.1,1) 
Eo £e m Se Bo > 


wach Simplifies Lo: 


E ES 
E 
ij: Ec 


< 
فا 


E 


| 


09 
Q 
no 


eerrespondang co the "static state” We thus call 
the stagnation or total enthalpy c rresponding to 


Burescondıvıon (2) represents the Wonk: state" 
se 
state (2) and designate it a5 n. 





l 
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nue 


e Z 
1 Soi 
C 


= 


h T *2,1 


Or, tor any static state we have in general: 


4+ BZ 
— + aea 5 x 
e C 


ne antroduecetion of the stagnation (or total) enthalpy 
makes it possible to write equations in a simplified 
form. For example, the steady flow energy equation 
becomes: 


dq = dw, + ah (F21 


t 


Or 


h + y (2.1 


EIE‏ ال 


5 


oul Should note that the stagnation state is a reference 
State and may or may not actually exist in the flow 
system. Also, in general, each point in a flow system 
has a different stagnation state as shown below: 





Physical System 


| 


Stagnation 2 
T States ult 
u Thermodynamic 
State Plot 


m I 


A a 
RR | 
Stable DS 


States 


| 
| 
| 


Figure *2.2 
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Also one must realize that when the frame of reference 
Mmebenged then Stagnation conditions change, although 

the static conditions remain the same. (Static properties 
are defined as those that would be measured if the 
measuring devices move with the fluid.) 


Consider still air and the earth as a reference frame. 


Don 
Dep R 


14.7 psia 
IS a T 


< 
1 

O 
"uon 


Figure 3 


N \ 


In this case, since the velocity is zero (with respect to 
the frame of reference), the static and stagnation 
conditions are the Same. 


Now let's change the frame of reference by flying through 
the air on a missile at 600 ft/sec. As we look forward it 
aspears that the air is coming at us at 600 ft/see. dts 
static pressure and temperature are unchanged at 14.7 psia 
and 520? R respectively. 





V 2 600 ft/sec 
l -2 
TE NDE 2 P. = ? Figure *2.Y 
y 
= be peo RA Tc 


But now the air has a velocity (with respect to the frame 
of reference) and thus the static and stagnation condi- 
tions are different. 


You will soon learn how to compute the stagnation condi- 


tions. Incidentally, is there any place in this last 
system where the stagnation conditions actually exist? 
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en 


2 


line eraesnatlion’PressurerEnerey. Equation 


Consider two stations in a flow system that are very 

close together and with thermodynamic states differentially 
separated as shown in Figure *2.5. Also shown are the 

ee responding stagnation states Tor these two statuens 


A uM 





We may write the following property relation between 
points l and 2: 


Tas = dh - vdp (59 D 


Fince this is a valid property relation we may alsczyr ice 
this between points ic and E 


2 5 x 
Tas, dh, v, dp, Gern 
However, ds, = ds 
and ds = ds, m ds. 


Thus we may write: 
E x *2. 
1 d ds.) ch ل‎ (#2, 293) 


Recall the "energy" equation written in the form: 


= 5 a 
6q bw. + dh, ( a) 
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Substitute equation *2.2,3 into equation *2.2,4 and you 
sould obtain: 


O + Tas gadis) ا‎ (ee) 


Also recall that: dq = Di (50 25) 


EX ubstituting equation *2,.2,6 into *2.2,95 and noring 
that — 

ES 

d 


Yt 


vel should obtain the following equation which 15 called 
the "Stagnation Pressure Energy" equation: 


ap, 
E ôw, + den) + T.ds, = ATO Gera 


Pt 


Consider what happens when 


(a) There is no work transfer bw. =" 10) 
(b) There is no heat transfer ode = 0 
(c) There are no losses ds, =i) 
dF 
Under these conditions — = 0 
pt 
or gus 0 (*9 DM 
or no 2 6 (*2.2,9) 


Note that in general the total pressure will not remain 
constant; only under a special set of circumstances will 
eause onen 22,9 Dord Troe. 


66 





3203 


01 ا‎ 1 Sound 


|2201: 01 la ene text. 


Reca from your previous work in fluid mechanics me 
قل‎ 1 25151021 of a stream line. What, if any, DIODES 
reamin constant along a stream line? What significance 
does the distance between stream lines have in an 
incompressible medium? 


Consider carefully the implications ðf section 2.2 with 

0 د‎ 104 to une velocity of sound In a compressible me rii 
teas important to note that. a sound wave results frome 
infinitesimally small impulse. The text uses a moving 
control volume which encloses the wave to analyze this 
unsteady situation as a steady flow problem. We can view 
this process as a simple change of reference from that of 
Œ ied Observer viewing the moving wave COCO 162 
ao rer who 1s "riding" the wave, The movine obser yes 
600-11216685 the. fluid ilowing from rizen come! (een 
Figure 2.5 at a velocity of sound (a) upstream and 
velocity (V-a) downstream. This does not change the 
Siete conditions. What about The stagnation condenan 


through Example 2.1, The author of our tere‏ 00 11 "ا 
introduces the relationship of 'compressibilities' which‏ 
NS be unfamiliar to you. What other ratio 1S expresses‏ 
by (y)? We need not concern ourselves at this stage with‏ 
situations in which air does not behave approximately as‏ 
a perfect gas, other than to examine each problem with‏ 
muss in mind. In general, for flow situacions where‏ 
Srremely high pressures and/or extremely Wow vemper eurer‏ 
are encountered the 'Perfect Gas! approximation is not‏ 
pug. Otherwise we may Creat air and other gasses (if‏ 
no appreciable molecular interaction is taking place) as‏ 
cS Demrect gas.‏ 


Read sections 2.4 and 2,5 in the text. In Pienrem are 
mine text, the circles indicate the location of. the orre 
Seund wave emitted while at point *0'. Figure 92.6 09] mE 
Study Guide shows the location of the sound wave initially 
emitted at times, t = 0, 1, & 2 as they appear at time, 


C= 3. 


emitted at t=l 





Figure *2.6 


--— emitted at tz? 
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Notice the distance between successive sound waves is 
Mesta che “direction or travel of the point projectile. 
Now compare Figure *2.6 to Figure 2.11 in the text. 

in Kieure 2.1) the point is overtaking the sound waves 

it emits as it moves. The waves are left behind creating 
a situation in a sense like the wave created by dragging 
puc point oi a stick rapidly across the surface 0272 
still body of water. The Mach Wave (or Mach Cone) 
produced by a point source is an infinitely weak pressure 
Wave, but the addition of a multitude of such waves 
produced by a finite body results in the shock shown in 
Beure 2.13 in the text. 













g. It should be emphasized again that both velocity and 
speed of sound are local conditions. 
Now consider the problem below: Note: No information 
may be assumed about- 
Pressure, tareas 
air temperature, etc.- 
changes from kroni 
V4 - 500 ft/sec V5 - 1000 ft/sec 
= zu 
mo My = 3 
11161861 026 : 
= =, 
a] 1000 ft/sec an ? 


Is enough information given to compute an? 
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2.4 - Basic Equations in Terms of Mach Number 


The importance of Mach Number as a parameter which 

eert rols che behavior ot Pluxd flow suggests The value 
eier mmessing the basic equations developed in Unics 
in terms of Mach Number as well as velocity. This can 
be done for steady, one dimensional flow quite readily, 
er Tlic case of periect eases. 

For the CONTINUITY equation -- 


Equation (1.10) from the text may be expressed for steady 
flow as: 


a een (12.1,1) 


where (m) is mass flow rate. 


From the Perfect Gas Law: 
ELS (sop 


and the definition of Mach Number: 
V= Ma ("2 Ep 


Now recall the expression for sonic velocity in a Perfect 


Gas: 
a = Y YE RT (2.4.4) 


where v, Ba and R are defined in Section 1.11 of 
Pile wine ae, 


We thus have: 


E ur _ PAM 2 y Es 5 
m = pAV = e” NYE, RT - PAM V -ar (aS) 


Thus, for the steady, one dimensional flow of a Perfect 
tas. the "Continuity equation becomes; 


lye. x 
PAM RT = E ( Du 
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PEentemenvlauvınga che’ Enerey"zeguation, Equation (1.19) in 
the text, and neglecting the potential term, we can show 
Bor steady flow that: 


y2 
din T 2g. = óq - She (for 35 


You Saw that for a perfect gas: 


2 


El = yer dett (*2.4,9) 
hence 
M^ (y RT) 
d[h + a = q -= oe (*2 USD 


We can re-write this expression as: 


M^ (yRT)- 


-1 
or x om ) Y= 


5q - öw, (*2.1,11) 


Eumosection l.ll recall that for a perfect gas: 


E = 4 e ES 
and 

dh = c AT (#2 oq 
Show that: 

älh(1 + 12 M%)] = q- sw, (*2.4,14) 


Now use the product rule for diiferentials T6,5how that: 


(1 + X5 w^) an + M hdM* = q- ôw (*2.1,15) 


To 





We derived in Unit 1.6 of the Study Guide an expression 
for the "Momentum" equation in steady, one dimensional 
flow: 


dC REESE OS os B (#2.4,16) 





Ende through by P. multiply cach term by o, neglect the 
cer, and rewrite the lastiterm to yield: 


d "uev vav? 


P PDp2 gc P2g 





= 0 (*2.5,17) 
C 


Hew substitute pi for FPF, multiply the second and Tiida 
terms by y/y and regroup the second term to obtain: 


2 


Da Pec e x 
D- dx + Oye RT 0 (FAS 


er 


> ur M 


Mi 


Maier third term can be modified by considering the proauce 
rules for the differential of the two variables M and T: 


2 


d 00 e dI 


M^ 5 (#2 ION 


nol-4 
mM] 


So now the "Momentum" equation may be written: 


Gu I 2 


+ 


dF ey i 
P 2 


aw? + te + Y mer Ey = o (*2.4,20) 


no|-4 
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UNIT 3 - ISENTROPIC FLOW - OBJECTIVES 


Mie student shall be able to: 


1 


BO: 


iB. 


12: 


Define an ISENTROPIC PROCESS and explain the relation- 
ship among reversible, adiabatic and isentropic processes. 


Show graphically how pressure, density and area vary in 
steady, one-dimensional, isentropic flow as Mach Number 
121265 Irom zero to supersonic values. 


Explain the difference between STATIC and STAGNATION 
properties. Given all the statie properties. icompute 
the stagnation properties. 


Describe what is meant by a "choked" flow passage. 


Compare the function of a NOZZLE and a DIFFUSER. Sketch 
physical devices that perform as each tor subsonies 
cmd Supersonic flow. 


zumpliify the basic equations for CONTI UIT aie 

ec: MOMENTUM to relate ditferential changes Inder Te s 
pressure and volume to a differential change in area 
for steady, one-dimensional flow through a varying area 
passage. 


Define the reference condition, (*) and the properties 
associated with It. (Ee; At, tee Ts. pp. eLo) 


Define stagnation temperature (Tt) of a perfect gas in 
terms of temperature (T), Mach Number (M) and ratio of 
specific heats (y). 


Define stagnation pressure (Pt) of a perfect gas in 
terms of temperature (T), Mach Number (M) and ratio of 
specific heats (y). 


Define stagnation enthalpy (ht) in terms of enthalpy (h) 
and velocity (V). Put in terms of M and y for a perfect 
gas. 


Depict graphically the general relationships of velocity, 
density and area in varying area adiabatic flow where 
the Mach Number varies from zero to supersonic values. 


Express the loss relationship in adiabatic flow (As ;) as 


E unccdoen ofvscashatroH pressubcs UP) Om teolecenee 
areas (A*) between two points in the flow. 


2 





13. 


14. 


15, 


NS 


Cite the necessary conditions for the reference area 
he FO remain conssant Por ail points in the flow field. 


Derive the working equations for a perfect gas relating 
Propercy ratlos between tworpoints, rn both eaedtabarvic 

and isentropic flows, as a function of Mach Number (M), 
"110 Ol speciiic heats (v) and change in entropy AS 


ESLE aU interprev une relation between Stagnation 
pressure (Pc) and the reference area (A*) for the 
process between two points in adiabatic flow. 


09051113126 the adiabatic and isentropic flow relations 
amd the isencropie tables to solve typical flow problemes 
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OTUD GUIDE = UNIT 3 


ADIABATIC AND ISENTROPIC FLOW 


Engineering problems typicaliy involve many factors which 
affect the fluid flow conditions and frequently one of 
these factors is predominant. In this case it is 
Possible Cto consider only the controlling Taco 
develop a simple solution to the problem. These 


approximate solutions can be applied with great confidence 
to many engineering situations. To the engineering 
student, this approach also provides insight concerning 
phe sipnificance, magnitude and relative importance 

Of each of the factors considered, as the basic state 
variables are changed. 





3.1 - Variable Area Flow in General 


a. We will now consider flow in a variable area channel 
without heat transfer, or "adiabatic" flow. Many real 
tife situations Lit into tctbrsvcceogrtosonv puertas 
earned that for many Silvations air and other fases 
flowing in a continuous field obey the Perfect Gas Law 
reasonably well. Since this is the case, we will 
develop working equations using the ‘perfect gas! 
assumption. Additionally, we are motivated, for the 
sake of simplicity, to continue to assume steady. ones 
dimensional flow with no work (that is, shaft work) 
demezorn or by tie system, 


if we consider the adiabatic low as Yt occurs 1ni ل‎ 
situations, some accounting must be made lor losses 
which occur as a result of friction and other irreversi- 
ble factors. When these factors are considered ne en 
gible and the flow is taken to be reversible, the flow 
meets the criteria for isentropic flow. INNIS CONC TE 
was covered in brief in the Review Questions. We may 
view the isentropic flow -case as the “ideal” or 
'Standard' with which to measure all adiabatic flow. 


OR ad Sections 4.) waned 3-9 € De ext 


c. What common simplification is used to obtain equations 
3.1 and 3.2 from the basic equations? When is it 
JUustitfiable to meeleetrthe higher ordered terms, ana 
assume that these versions of the basic equations 
ln, ee) os 7 
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To gain some insight into the manner in which the fiow 
variables are changing when a fluid encounters a variable 
N 4 IC All De convenient to Testrict the analysis To 
flow with no losses. We shall start with the energy 
equation: 


ôq = (OW, + dh, SA 


tance we have made the assumptions of no heat transfer 
ers shaft work: 


dh, = 0 (39 31:598 


Recalling the definition of stagnation enthalpy (neglecting 
potential energy change): 


y2 1 
ny = h + 2g. ( 340559 
C 
Iu rteprentlating: 
TE EY 
t g 
C 
Put: 
dh, = 0 
EO. 
ah > = vav (*3.1,4) 
Sc 


Now, we may start with equation (1.22), from the Second 
aw of Thermodynamics: 


nasse oap ء‎ Lu (xo oy) 


Since this process is both reversible and adiabatic, it 
se isent robes aus ds/= 05 


(2 





so finally: 


cm = حك‎ con 





EV ce aE 
E. p 
OU 
g, 0P 
dV = = zy CES N 


No troduce this nto equeation. 3.1 and the differential 
morm ot the continuity equation becomes: 


do A 2 x 
3 T A 2 = 0 ( 351509 


do dA $‏ سے Z‏ سے 
o AA (*3.1,9)‏ 


Mie definition of sonic velocity: 
aP 
°P | s=constant 


can be written for our case as: 


e ar 
a = Bedo (o 


Because this flow is isentropic: 


Now, rearranging equation 2.3: 


e 
Ec 


3 


aP 3 dp ne 
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euo v tuting this expression for dP into equation *3.1,9 
yields: 


2 
dp . Vi; de, GA ; 
E 5 [ z + A ] (o dea) 
a 
From the definition of Mach Number 
Mé = v? 
2 
a 
Snow that: 
do M^ dA 
de pu m] e (an 
P Ne 


If we now substitute equation *3.1,12 into equation 3.1 
ioe the the text you can show that: 


a = —f[ يه‎ ] ee NOE M 
l-M 
But we recall that: 
“Pe (*3.1,7) 
GV = aye GLP e 
or 
E 
E c P (*3.1,7a) 
V 2 
pV 


Substitute this expression for > into cgua taion Toe 
Ama solve for dP: 


2 
V 1 GA 
ap = 2 [ = ] = (3.5) 
Sc 1-M A 


i 





Leone ol Teer che principal relations which will, be 
Bcebperred to in the following sections. 


OON) 


(2310025) 


) 





Consider now what must be happening when fluid flows 
[pusoush the variable area channel. Fill in the blanks 
below. Assume that the pressure is always decreasing. 
Thus dP is negative. 

imeem equation 3.5 you see that if M<1, dA must be 


21112251228 that the area is . Were2as 1 zu oe 


dA must be and the area is 


From here you can move to equation *3.1,12. 1f M<1 and 
dA then do must be e gone 


dA then dp must be 


Looking at equation *3.1,13 reveals that if M« 1l and 


dA then dV must be meaning that velocity 
is , whereas if M» and dA then dy 
MUSC De and velocity is 
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We can summarize the effects and variation of Veto ys 
density and area as Mach Number varies from zero to 


ISONIC Values. Refer to Figure *3.1 and recall the 
euer ınuucy equation: 


do dA av 


o D RS (122% 
| 

p,^ ,V | Figure *3.1 

DA Velocity 
7 Density 
| 7 
| 
a M< 1 M=1.0 M 1 M 


Summary of variation of p, V and A. 


Mso l M = 1 | M > 1 
Density- constant l. Density l. Density 
compensates compensates 
Area Velocity Area 
compensates and 
Velocity 2. AQA = O Velocity 
Now read sections 3.3 and 3.4 in the text. Consider 


carefully the results pictured in Figures 3.3, 3.4 and 
Seo. Lhpecsruuautlon Gepieted in Figure 3.5: in the Text 
Can oOnly exist 1 the,preoper pressurefeondLltilons exist 
ehr rouehout the nozzle. 


m 





De 


Br 


> 


A 'nozzle' is a device which converts enthalpy (or pressure 
energy, for the case of incompressible fluids) into 

ateo energy. A bdlaftuser” 18. device which covers 
Lue eie energy into enthalpy. Ihis distinction i OT 
overlooked and a device is labeled a "nozzie" simply 
because it is a convergent section, with no regard for 

mae low conditions. 


- Computation of Stagnation Conditions for a Perfect Gas 


Read the first part of Section 3.4 (from page 39 to the 
middle of page 41). 


Particularly note equations 3.6 and 3.7. These will be 
Mesa. frequently and should be learned. 


= Adiabatic Flow for a Perfect Gas 


We now return to the problem of adiabatic varying area 
Bow and. include any losses that mient exist. Tomakze 
mas problem tractable we will assume that the Tue 
is a perfect gas. 


From earlier work recall the following relations which 
meld true for a perfect gas: 


Ma e AT (1.25) 
p 
c = c > (1,2609 
p V 
$e 
as = Y 
Cy 


From section 
ana Lex. 


= EE 
"p Y-1 


From 3.1 we showed that 


» | TS 
DECR d n (I 
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Bolio: adiabatic Low with no-Work: 


AS 6 (ala) 


SH 


hn, = ¢ 


imps Is true for any fluid under conditions where Q  W 2 
. . LJ S 

Peon equation 1.25, if one considers a perfect gas, 

Hie stagnation temperature (T.) is also constant. 


Review the relations we already know to determine which 
ames may be useful in analyzing adiabatic flow. First 
Consider the continuity equation for steady, one- 
aumensional Tlow: 


ei (*3.3,1) 


Examine the flow between two arbitrary points in a flow 
system such as in Figure *3.2. 


FLOW — Figure *3.2 





Equation *3.3,1 may be written: 





- x 
PAV} PÅ Va (a 2) 
Or: 
A p-V 
= اح‎ (*3.3,3) 
1 om 
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Brom the definition of Mach Number: 
V = Ma SEN 


and the expression for the speed of sound in a perfect 
gas: 


a = y ve RT (435555) 


eq@a recalling the equation of state for a perfect gas: 
P = pRT ) 
we can re-write equation *3.3,3 as: 


172 
i^o کے ] کے‎ 7 (a 


the intermediate steps from’ *3.3,3 tor an‏ الات رشان 
erder tO corroborate this expression.‏ 


We will now turn to the energy equation. We have seen 
what: 


"s ! 
Ro 0 * 2g- (*3.3,8) 


Hence the energy equation may be written between two 
weants as; 


= x 
n, t nme We T Ay ( SuSE 


SINCE UE = ita perfect gas under acia bacano 


conditions with no shaft work, you can now re-write equation 
1.25 from the text, between any arbitrary point in the 
System and stagnaticonzeondit ons. rou should’ gen: 
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a m ©. LT, - T] gS E 


Now using equation *3.3,8 we can show that 


qu = 7 [i + Yet wey 


E 2 )5 


Ihe development of this equation is found in section 
fee ia the text. 


Since Tt is a constant between any two points in the flow, 
we can now write: 


y 2 = you 2 x 
T. [1 € 4+ ™,°) T, [1 + 5 m,f] (#3, 3 ا‎ 
Or 
oE 
n Ey 
EM o — سس‎ (59. 350 
2 1 + .مر لمجلا‎ © 
z M 


From the stagnation energy equation for adiabatic flow 
Sea perfect gas with no work 


dP, ds, 
كي‎ + == = 0 (*3.3,13) 
E R 


If we integrate both sides between two points (1 & 2), 
uet: 


P 7 (S i pe i 
t2 
50 2 Fee (*3.3,14( 
wal 
bunoe dse ~ 0, 4s; = AS S0, taking the anti-log of 


both sides of equation *3.3,14 yields: 


ses) 





Pois expression 15 ol particular value. 
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Stagnation pressure is defined as the pressure obtained 
tiene low 15 brought To rest isentropleally. 


Between two points we can recall from section 1 (for an 
isentropic process): 


pe 
lign (1.30) 


ln 
| 
E 
Rin 


lee COndition 2 be the stagnation state and condition 
be the static state. Use equations 1.30 and 3.6 to show 
that: 


Ft a 
Ss (+ Get) (3.7) 


Thus between two points: 


m dem 
ER, 1)رم‎ +5 y, Yl 
حك‎ = ——————————— = e (SEINE 
P Mer 


Nm 
p Py (1 js M- )y-1 


بم = 


mearrange this equation to show that: 


5 
oo. AS 
y-l 2 y-1 += 
ام‎ ie R d a 
po > y-l «2 : 3.3» 
2 1 + 5 1 


Mee an now utilize equation “3.3517 to obtain a relatien 
which expresses the change in area in terms of Mach 
Númber ana a loss term. 


Rom continulty Show that: 


A P.M. [ T. 1172 
Be! | Bn | (cT 
An PM, LT] 


ol 





Moum can NOW substitute from equations *3.3,17 and *3.3,12 
por obtain: 


Y 2 
Y-l 2 ayes | Y-1l 2 
Ro : M M, | en) A M. | 
A y-1 2 Y-1l 2 
Jh 1 + 5 M4 201 1 + => M, 
en), 
By combining terms, equation *3.3,19 can be written: 
TL 
A A Is 
D 1 2 2 R x 
1 2 l + E M4 
3.4 - Isentropic Tables 
EM 3 the remainder of section 3.4 in the text. Note the 


introduction of a new reference condition denoted by *. 
ST this location the Mach Number is unity and this 
condition can be reached by many processes. This is a 
Bepovnetical reference condition which may or may nov 


exist in the system (as was the case for the stagnation 
condition). 


One can now simplify many general equations that have been 
developed by assuming no losses. 


Consider an isentropic flow case viewed in the T-- S plane. 


-2— Stbapngtuiong POINT 


#2 san cexist ing Subsonic 
ELO te onda bon 


H 
bo --- - 4 





Figure *3.3 





By utilizing the expressions for area, pressure and 

Z erature ratios and letting one state point be a 
melerence Condition, if we Know what the fluid iS Ge 
the value of y) then we can construct tables which relate 
these ratios to various values of Mach Number for the 
isentropic case. 


memo exemple, let 2 be an arbitrary point in the $36 
system and let l be the stagnation reference state. Then 


T, - T (hence M, = M = any value) 


T. (hence M, » 0) 


E t 1 


and equation *3.3,12 can be written as: 


m — = f(My) er) 


Becanother example, let 2 be an arbitrary point in the 
flow system and let 1 be the reference state *, 


Then: A, = A (hence M, = M = any value) 


A A* (hence M, = 1) 


JE ih 


Bemembering that we are considering an isentropic process, 
Eemecton *3.3,20 can be written as: 


ya 
|a Xa? | 2tr-1) | 
DN d e = s 
IY 7 oW SI f(M,y) Gene) 
2 


We see that for isentropic processes these important 
ratios are simply functions of Mach Number and gamma (y) 
mach lead to tabulation of them in Appendix A. 


Evaluate equation *3.4,1 for an arbitrary value of M>1 
ma ran arbitrary Value ot Mei Compare, your answers 
Mica che values Tor م‎ tne appendix, Notice that 
the tables are dimensionless and are always expressed in 
Permiso rara rioOs Ol pres Dres ui mBerarhre sis ee 
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en) - Relations Between Pp and A* 


a. We can now relate the stagnation pressure (P,) and the 
poles rejerence area, (A“j, Wake Aq as A * and take 
Ag as Ag* in equation *3.3,20. By definition M, = M, = 1. 
This expression reduces to 





A, 45 
2 " H x 
ES oe see) 
1 
We saw that: 
AS 
P Lp 
2 R 
اا‎ (*3.3,15) 
E. 
Thus 
NS AD 
Ie AUS == -—— 
(re) (rr) + (E) eas 
€l ok: 
er 
Pio A * x P4 * SOOO ML (mo us 





ل ل لل لل i‏ 


Note that equations *3.5,2 ana *3.5,3 apply to any 
motabatic Situation Of flow of a perfect gas where 


We = 0. 


Best should be noted (and we can verify from equation *3.3,20) 
that for two different points in the flow field (1 & 2), 


ig Ss only equal to A>" af the flow 4s isentropic between 
|posnbvcs Lk 2. 


eee Now read sections 3.5; 3.6 and 3.7 in the text. 
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UNIT 4 - NORMAL and OBLIQUE SHOCKS - Objectives 


The student shall be able to: 


T: 


MO 


un. 


ie, 


I. 


14, 


stones assumpbions 1560 to analyze a standing normal 
SHOCK, 


Sketch a "shock process" on a T-S diagram, noting the 
pertinent features of the phenomenom. 


Explain why an "expansion shock wave" cannot exist. 


Recognize the necessary and sufficient conditions to 
solve "normal shock" problems. 


Derive the expression which describes the properties 
"uschedownsurpresmisvde sor casstandgTuep Normal shocka 
terms of properties on the upstream side. 


Explain how shock tables may be developed from the 
relations describing the properties on the downstream 

side of a standing normal shock in terms of the properties 
on the upstream side. 


Demonstrate the ability to solve typical normal shock 
problems by use of the tables and/or normal shock 
equations. | 


Explain how an oblique shock can be described by the 
superposition of a normal shock and another flow field. 


Identify which properties remain constant and which 
change when a uniform velocity is superimposed on the 
flow field. 


Show (by diagrams) how the "shock angle" and the 
"deflection angle" are defined. 


Describe the general results of an oblique shock analysis 
in terms of a diagram such as "shock angle" versus 
"Mach number" for various deflection angles. 


Distinguish between weak and strong shocks. Know what 
Conditions <ause-cach LO Torm.: 


Describe the conditions which cause a detached shock 
wou Olin 


Solve typical problems involving oblique shocks (such 
as air inlets, nozzle outlets, wedges, etc.) 
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T5. Describe the treatment of a moving normal shock wave 
SO AS COCO apply che relations developed ter CHE 
standing normal shock. 
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Unit 4 - NORMAL and OBLIQUE SHOCKS 


4.1 - The Shock Mechanism 


a. To this point we have treated fluid flow problems which 
Æ ured in a continuous medium; that is, wherein no discon: 
tinuities existed within the control volume under consider- 
ation. We now turn to consideration of a discontinuous 
process - the "shock". A shock wave characteristically 
peras within a very thin, but finite volume. The thick= 
ness of a shock is on the order of 107" inches. Due to 

the complex interactions involved, analysis of the pro- 
Pereles within the shock are beyond the scope of this course, 
ve vill analyze the change in fluid properties across the 
Euock by investigating the behavior on both sides of a 

shoek wave. 


D: New read sections TIDE CC DOH 6 


OF We will first consider a "standing (i.e. NON-MOVING) 
normal shock"; that is, a standing shock which is perpendicular 
tot low. With the principles developed in this analysis 

LE 71] then investigate the possibility of the existence 

on expansion shock. Then- moving normal shocks, convers 
cent-divergent nozzle operation, and oblique shocks will 
memcovered. 
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4.2 - Standing Normal Shock 


a. Consider a flow situation as shown in Figure *4.1. As 
with previous analyses we first establish a control volume, 





E Figure *4 1] 


then apply the basic equations to the properties across 
the control volume. 


phe following assumptions will be made: 


1) Since the shock is very, very thin, we may consider 
vae “control VOLUME equally thin and “assume wiay 
there 1s ho surface along the wall to ereate Trierer 

2) Due to the thin control volume, the cross-sectional 
area on both srdes of phe shock may be CONSI1GaET EG TG 
be essentially equal. 

3) We will continue to assume steady, one-dimensional 
I low wech nesligible potential chanees. 

consider first the continuity equation. Since this is 
steady, one-dimensional flow: 


m = constant (50.2 1 


or 
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Po‏ ا 
BUL‏ 

TD A, 
SO 

a.” 5 


22 


(*4.2,2) 


Now recall the energy equation for steady, one-dimensional 
Bow between two points: 


200 umo 


We can consider 
Being done, so 


Do. = 


Mié” x-component 


one-dimensional 


/ 


(uM 


Ys 


Kicegrating the 


je V. (V.dA) 


z 
Dep + We (Sa 
122 
this an adiabatic process with ne Shai eee. 
q = W = 0 or 
JE د5‎ : 
ze 


of themomentumseauarson for steady. 
flow (Equation 1.13) becomes: 


سه 


(<a 22)‏ م 


g X 
right side of equation *4.2,2 yields 
m 


C 


We can also express the summation of forces in the x- 


direction as 


i - PA, 


- PA, = (Py - Po)A 
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So equation *4.2,4 becomes 


m 








(Pi PAJA 3 LV, V4 J (*4,2,5) 
puc m = pAV so show that: 
04 = 
== x 
P, + E. P, + E. (*4.2,6) 


To this point we have been dealing with a general fluid. 
By introdueing the Perfect Gas Law 


pS PRI (0290) 


emos recalling the expression for the speed of sound aa 
a Perfect Gas (Equation *3.3,4): 


V = Ma = M V vg, RT Gh re) 
We can now express Equation *4.2,2 in terms of Mach number 


EM l P-M 
ll e e (*4,2,8) 


zum this expression yourself Tor drill. 





Note: y is assumed constant 
for this expression. 


Similarly, recalling from Equation (3.6) 


Du me YS NES CA) 
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from Section 1.1 in the text, the energy equation 
(Equation *4.2,3) can be written 


T [1 + yzl y? 


m © „+ Gem,“ (*4.2,9) 


Ama larly, using the definition of Mach Number, the 
Perfect Gas Law and the expression for speed of sound in 
a perfect gas, show that the Momentum Equation (Equation 
i2 6) can be written: 


2 E 2 
P, [1 + YM, ME PAL1 + YM, ] (ul: 1 


We have in effect seven variables: 


y, P., M., T., Pn, Ma and T 


l? DES je D 2 2 


and three governing equations, nos. *4.2,8, *4.2,9, and 
*4.2,10. Given any Y of these we should be able to solve 
TOT the remaining three variables. 


We now find it possible to combine the three basic equations 
So as to derive an expression for M, in terms of M, and Y. 
Rearrange the continuity and energy equations as follows: 


EM E 
sy = 4% = (*4,2,8a) 
2-0 2 
L72 
T ا + ل‎ 
= = E (#4.2,9a) 
TO y-1 M 2 ا‎ 
i ae al 
and the momentum equation: 
2 
E إل احا‎ 
ے لے‎ —, (*4.2,10a) 
> Er yM- 
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Now combine these three and show that: 


2ر 
er, ym, M, de rx M,‏ 
E 0 E = ut] 5 (FAI)‏ 
el en‏ 
oolve for M, and sobtain:‏ 
m“ D =‏ 2 
M, E > — (ni‏ 
(—-)M. - 1‏ 
Y-l1' 1‏ 


So for a flow situation such as in Figure *4.1, knowing 
the conditions at (1) (i.e., before the shock) and solving 
mor Mo we can utilize equations *4.2,10a; *4.2,7; “4.2.0. 
3,15; *4.2,9a; and equations 3.6 and 3.7 from the text 
monsoOlve for all other properties. 
REPEAT! If the properties are known ahead of the 
shock (condition 1) Then ALL conditions 
after the shock (condition 2) can easily 
Be Found. 
ee ee 
For a given fluid (i.e., y is known) since the property 
BER are functions ot y and My only; it Is DOE lege 
muc compute the ratios of the fluid properties. and 
tabularize them. Appendix B in the text is such a table. 
m to be 2.0 and solve for M25, and the property 
EE 0S, using the relations we have developed... Compare 
your answers with the values in the Normal Shock table. 


race that 105 is possible to use a subsonic value 0 
ama obtain a MATHEMATICALLY correct answer for Md which 
is INVALID. Why? 









Pia 


oe] 


HINT: Take M. to be .57/ and solve for 


1 


g 


Now what sort. of value must As (3n c9 CSE 
As) have to sdtrisfy Baustien 73.3.1572 “Thos 
proves that an "expansion shock" is NOT | 
POSSI BOR: 
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Examine Appendix B in the text. Note that as M3 increases 
M, decreases and 


z^ >) 5 and —^ are all > 1.0 


maeretore a shock is always a compression process. wich 
Be always greater than Pj. Notice That Pro is always 
less than Pg] (though for values of M, near 1.0 only 


ently). 
Thus a shock process is IRREVERSIBLE. 


Read Section 4.3 in the text and study the examples. 
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4.3 - Moving Normal Shocks 





BE 70 FFR 
P = 10 psig valve open 


valve closed 
ja: 


Figure *!.2a 





a. Now consider a situation as pictured in Figure *4.2 where 
pe iS flowing In a pipe at the conditions shown and the 
valve at the end is suddenly closed. This will cause a 
shock wave to propagate back through the duct as pictured 
in *4.2a. We do not know the speed of this shock wave. 
Is this a steady flow problem? If you said "Yes", 


GO DIRECTLY T0 xDD 
DOSNOI PAS Se 7 


ur 


and while you're there, re-read your handout entitled 
Comments on Steady Flow. 
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b. We can change this problem into a steady flow problem by 
"Hopping aboard the shock wave." 


1 2 S 

m une Tu —s 
P E IRL Figure *4.2b 
IUD or ر1‎ = ? 


We now have a steady flow standing normal shock problem. 
The velocity upstream of the shock wave will be 

and the speed downstream will be . Why can we 
not derive a so-called closed form solution for M5? 


ec. A "trial and error" process is required to solve this 
problem. Let us assume that M- = 1.3 


a, 5 y A O o = 1128 ft/sec 


Thus e Ma, = (1:3) ATI20 eee ee NU ee 
and Vs = Vi ZOOTE O Aa e 
15 
From the shock tables obtain M, = 7 oom and qe 1 hon 
"m 
EUMD 9 (5900 == 63229 
a, = 1233 ft/sec 


and Va =M 


> = 70 ft/sec 


a 
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EUA Vo "must equal Veo, whleh 10 does HOC THUS, our 

=. med, Mach Number was in error, “A few Trials wi) 
converge on an assumpbson"of Mje-ercs2 OU OUEU EE 
calculations through and show that V2 = Vs = 992 ft/sec. 


a 


What would the pressure be behind the shock wave? How 
do these values compare with those in the actual "unsteady" 
problem posed in Figure *4.2a? 


Read Sections 4.4, 4.5 and 4.6 in the text. 
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4,4 - Convergent-Divergent Nozzle Operation 


a. We recall that a convergent section acting as a nozzle 
will become "choked" at M= 1. 


if the pressure downstream of such a nozzle is 
decreased the flow will accelerate until M = 1 
is reached at the exit (see Figure *4.3). 


P Bos 


UPSTREAM : P 
DOWNSTREAM 


— 
FLOW 


x 
A a em = 3 


Further decrease in pressure outside the nozzle 
exit wild Nev. induce a turtner decrease riii 
pressure inside the nozzle. The nozzle is said 
to be "choked". 


We also recall (from Figure *3.1) that in order for a 
device to function as a 'nozzle' above M = 1,0 (i.e., 
continue to accelerate the flow, thus converting more 
Sachalpy into kinetic energy) the cross-sectional Opes 
Mist Degin to increase. Thus we can presage the existente 
of a convergent-divergent section (with M = 1.0 at the 
throat) which functions as a nozzle throughout its entire 
NEL inıs71s calicd a ل‎ TOI 
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De Laval Nozzle 








P 
ou EE 


niet re Fi guie #4 4 
ir Uric Led: 
ES 
c Thira 
(ce 
Entrance Throat EXIL 
M=] 






The convergent section of the C-D nozzle offers little 
@esıen difficulty, but the Givervent section must be 
carefully designed to reduce losses due to separation, 
wave interaction and other fairly complex phenomena. 





Below the diagram of the C-D nozzle in Figure *4.4 is 
depicted a plot of static pressure ratio versus location 
in the nozzle. We can envision two possible flow condi- 
blons with M l at the throat. Each.of these conditions 
is associated with a pressure value at the exit known as 

ada 2121531081, polgt.'. She""E»pst Oritiodl Point” represents 
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MOT whieh reaches M=.1.0 20 The throat, DUC 15 zuBsonaon 
in both the convergent and the divergent sections (dotted 
line). The "Third Critical Point" represents the design 
point (or pressure ratio) of the C-D nozzle. Both 1st 
Emdpord critieal points represent jsenvtropic 1430w condis 
pons. Any exit pressure above lst critical will resulte 
WE Sonic flow throughout the nozzle, or typical 
"venturi" operation. A point between lst and 3rd critical 
will induce non-isentropic flow through the nozzle. 


mince both Ist and 3rd critical represent isentropic i Vous 
Appendix A, "Isentropic Flow Tables", may be used to 
determine the values of Mach Number at first and third 
critical, provided we know the area ratio between the exit 
ee the throat. 


Bon example suppose: 


Aexit 
z -= 3.0 sio qb 
throat 
= = * . 
We know that at the throat M 1.0 S0 ee A5 ODE 
A = x 
AE = 3.0 (pp ا‎ 


fiom Appendix A in the text: 


e 0 e a P a: x 
for first critical Me a P. = .973 (IÓN 
se orten Me ا‎ RES QU ALI 
exit PL 


Two Notes on this solution 
1) Linear interpolation can be used to obtain 
better accuracy. 
2) The small figure (-1) indicates the power 
of ten with which the tabular value must be 
muteıpllied. 


It is also interesting to compare these results to that 
or a converging (Only) nozzle: Im -the Case OP a conve PINE 
nozzle with y = 1.4 we need a pressure ratio of .528. 


TO 





TOTP. ) to produce sonic velocity In the above 


Eu inlet 
converging-diverging nozzle we have sonic velocity (in the 
throat) with a pressure ratio of only .97. 


As you might expect, somewhere between "FIRST BASE" and 
MURD BASE" there must be a “SECOND BASE". Let's 

consider what happens in the region between "first critical" 
E third critical." 


he receiver pressure is lowered below “first critical 
a normal shock forms just downstream of the throat (see 
Figure *4.5). The remainder of the "nozzle" is now acting 
as a diffuser since the flow is subsonic and the area is 
mmereasing. The shock will locate itself in a position 
such that the pressure changes that occur ahead of the 
shock, across the shock, and downstream of the shock will 
01001166 a pressure that exactly matches the outlet pressurer 
mother words, the outlet pressure determines the location 
and strength of the shock. As the pressure is further 
lowered, the shock continues to move toward the exit. When 
mee shock is located at the exit plane this condition as 
mererred to as the end critical point. iff the receiver 
Pressure is between 2nd and 3rd critical, then a eompres- 
men takes place outside the nozzle. This is called 
"overexpansion" (i.e., the flow has expanded too far within 


the nozzle). If the receiver pressure is below 3rd critical 
Men an expansion takes place outside the nozzle. This 
condition is called "underexpansion." We shall investigate 


these conditions later in tbe course. 














+0 = SE Critical Figure *4.5 
m Den 
"niet | Second Critical 
or 
Pressure 
Ratio [SES Critical 
| 
نا‎ 12110867 Throat ERTE Normal Shock 


’ Inside Nozzle 
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f. We can now use what we know about standing normal shocks 
pow und che conditions lab end exlctical"" “Just anead 
(€ away", as the mathematicians are wont to say) of the 
meer, at end critical, the conditions are identical TO 
those at 3rd critical (or design). If you have not done 
se” cae tables to coniirm the exit Mach ar 3rdzer ir 
ie M = 2.64 for an Area ratio of 


ar, 
¡TS aa SU 
chreat 
ll 
m em Shock — 
y end criticam 
En 
13 
| 
FLOW 3 
H Figure *4.6 
IŽ | 
l 
| ۱ 
OO 
TE P . 
exit = Sao If we assume stagnation 
ER Condit rons aC Ener Nlet, 
inlet i 


Is this a reasonable assumption? 


From the Tables: 


P P P 
B. Bir CEN 
Pe 1 t1 


— From Isentropic Flow Tables @ M = 2.64 


From Normal Shock Tables € M = 2.64 
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Eonpuce this and verify that: 


nen, 
exit 6 


inlet 


Now suppose we subject the same De Laval nozzle to a 
pressure ratio of 0.4, whre will the shock form? Is this 
'underexpanded' or 'overexpanded' Flow? Think about it 
Merore checking the solution below. 


Solution 


505686 the flow is between lst and and critical, a normal 
shock has formed inside the nozzle — hence the terms 
"underexpanded" and "overexpanded" do not apply to the 
DOW. 


HE O0 Figure *4.7 
inlet 6 


We have now enough information to analyze the flow, 
AS Ia Tas  LoOsses. 


Known 
Aexit 5 
RS = 3.0 
throat 
Ea 
exit 5 0.4 
inlet 
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BUT: E = P 
inlet qae 


anad A = AR, 1 E 
Bos inlet since we assume no 
losses between the 


inlet and the throat. 


Now recall Equation *3.5,3. Therefore: 


A.* p B x E x 
inlet t auc ucc M = Constant (*4,4,4) 
| exit 
ENUS: 
7 
Aexit ar E exit exit = et I | 
A pr " A.* P 7 A %, P 
throat = inlet er exit ةا‎ 
known known 
+0) (AD 
op: 
A... D 
exit eO en 
exit n 
From the equations developed in Unit 3: 
AS -— F(M,Y) (#3242) 
AR 2 = 
+ = f(m,y) (3.7 
Pe 
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You can obtain an expression for 


Ze E = f(M,y) OD 


John does not tabulate this value but a sample table 
amuecluding this function was passed out in class.  Exeerpbs 








meom a Similar table for Y = 1.4 show: 
LN S 
M A* Es 
ur 1.205 
. 48 IIE 


mterpolation reveals the Mach No. at the exit to be about 


ee ^ .472 


If we can determine the stagnation pressure ratio 





P, J? we will be able to locate the shock. 

1 En 
exit inlet 
Pc : Pe 1 P exit 1 

exit = exit E 1 
P Pu P ° 

inlet 2. "inlet . 559 

Nd 
From Isentropic tables for M = .472 


Since all losses occur across the shock we can say that 


Bi. Dr ($4 .,4,6) 


inlet across shock 


LO 





From the shock tables find M 


went r opic tables find 


rock 


Arhroat 


We also have 


As we recall 


Read Section 


1 


2.869 


a measure of the 


As 
R 


AS = AS. 
L 
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loss from 


(59-9 0079 


here. 
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4,5 - Oblique Shocks 


epee Read Section 6.1 in the text. 


Consider a Standing Normal Shock 


Recall: 


an on 


Figure *4.8 


using Shock as 
Reference 


V ONE 


1 
Mo Su cM 


low. let us superimpose a velocity to Vin + Von (Say Ven 
one that this is the equivalent of running along the 
shock front. Recall that by doing this we have not 
Benneed the static states ol the [Pura Dub Wwe nave 


Mm@anced the stagnation conditions, 


Since ar < 


and 00 


We then have: 


Vin 
Ve 


Y Notice nato nas turned 
Y, V en towards the shock front. 


Figure *4.9 
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Memmormaddy picture this as Tollos? 


Flow 
Deflection 
Angle 





Figure *4.10 


NOTE (1) Flow direction has changed 
(2) V1 > Vo as with normal shock 
Vi must be supersonic (since Vin is supersonie 
V2 Can HON Se Superson rc cT EN CET NUS 
enougn 


It should be clear that the Normal Shock Relations (and 
Tables) can be used IF, AND ONLY IF, proper care is taken: 


viding both sides by E and noting that a] = a و„‎ We 
have: 


sin 8 


t 
pa 
= 
| 
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Recalling the definition of Mach Number, this becomes 


Mn = M. sin 60 


Sato pressure ratios, static temperature ratios, ete Ww 
can now be taken from the Normal Shock Tables, since these 
were unaltered by the superposition of ve on the origini 
smock picture. 


Now, we know that Min edi 


thus: M- 5100 


E TUS consider the range of possible 8 for a given M: 


The minimum 6 will occur when My sine = 1 
Rl 
nin QA M4 


Recall that this is:the same expression that was developed 
mee che Mach Angle y. Hence, the Mach Angle is the 

num possible shock angle. Note that this is a Ferne 
sendıtion and really no shock exists for this case since 
mem My, = 1.0. The maximum value that € can achievers 
een ously 90°. This is another limiting condition and 
Nepresents our familiar normal shock, 


Notice that as the shock angle 0 decreases from 90? to the 
Eh ance u, M4, decreases from M] to l- Since vie 
ewweneth of a shock is dependent upon the normal Mach 
number we have the means to produce a shock of any 
errensth equal to or less than the normal shock. 


Study Example 6.1 on pages 105-106 of the text. 


We will now try to relate the deflection angle (8) to the 
shock angle (0) starting with the continuity equation. 


Var (*4.5,4)‏ = م دلأ دم 


dn 





V‏ م 

cl an 
p € du (*5,5 5) 
Po one 


and from equation (*4.5,1) and figure 6.5. 





ie) = V, cos 6 = V5 cos (6 - 6) (*4,5,6) 
SO 
م‎ V : 
E t cos(0-5) sin 0 9 tan 0 (Xl. 5. 7) 
i cos 6 Ve sin(8-6) EERE) i 


From our Normal Shock Relations in Unit 4.2, we can show 


wnat Tor a Perfect Gas (as a function of Mn) 

o, (y+1) wm, * 

)4.5,8*( ا د کے 
i (y-1) Mn + 2‏ 

but M = M, sin 6 (*4,5,8a) 


Here 1 


Combining equations *4,5,7, mH), ando oa MICE 


(y+1) M^ T TP (4.5.9) 
(v-1)M, Seo T Ed tan(0-6) 
So 6 = f(6, M, y) 


or for a given M, and y, the shock angle (8) is a function 
of the deflection angle (6). But note that this is a 
transcendental function. So for supersonic flow along a 
wall we cannot solve for 6 as a function of $5 M. and y 
Poe (iy. DUE We “Can -ObUaan an explicit sole Ten mor 

6 - f(0, M, y). 


Uta 





Me since - 1 


M, ^ (v*eos 28) + 2 


iue = 2 cot 6 CES IO) 


ka e ve can construct 4 chart such as in Appendi Creve 
relate these three in accordance with Equation #4.5,10. 


Now read the remainder of Section 6.2, and carefully 
study the examples. 


pcs section 6.3 in the text. 


Read Section 6.5. We summarize here some of the 
portant concepts: 


Flow always turns "toward" an oblique shock front. 


For given values of 6 and M, two values of 9 may 

exist. 

a. A large pressure ratio results in a Strong 
shock and subsonic Mox 

b. A small pressure ratio results in a weak shock 
andssupersonict Po. 


3. A maximum value of 6 exists for a given Mach Number. 


4. For 6 >&max , a detached shock results (see Figures 
anda 6,9 4 textos 
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UNIT 5 - PRANDTL-MEYER FLOW - OBJECTIVES 


The student shall be able to: 


HS 


TO. 


li. 


Know how Entropy Changes and Pressure Ratios vary with 
deflection angles. 


Explain how finite turns (with finite pressure ratios) 
tan be accompliıshedzijisenrrop earıy, 


Show Prandtl-Meyer flow (both expansions and compressions) 
on a T-S diagram. 


Demonstrate the development of the relation between 
MACH number (M) and flow turning angle (v). 


Show how tables ean be developed for Prandtl-Meyer Flow 
by the introduction Of <a reterence sane. 


Explain the governing boundary conditions and show the 
results when shock waves and P-M waves: (a) reflect off 
physical boundries, and (b) reflect off "free" 
boundaries. 


Draw the wave forms created by flow over rounded and/or 
wedge-shaped wings as the angle of attack changes. Be 
able to solve problems of this type. 


Describe and sketch what occurs as fluid flows past a 
Smooth Concave corner and assmooch ا مر‎ 
explaining why an expansion shock CANNOT occur. 


Explain with the aid of diagrams the flow conditions at 
the outlet ofr a supersonic nozzle created by ungerz 
expansion and overexpansion. 


Solve typical problems using PRANDTL-MEYER flow tables. 


Demonstrate by a sketch, an understanding of the 
operating conditions of a Tixed=geometry diituser. 
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UNIT 5 - PRANDTL-MEYER FLOW 


ml > Introduction to Prandtl-Meyer Flow 


You saw from the "Special Problem" that for values of M. 
(in a NORMAL shock process) which are close to 1.0, the 
value of the quantity (Mi^ - 1), which we Will Cll umm 
is small. it was shown that for small values of 'm', 

the pressure change across the shock (AP) is proportional 
to the first power of 'm'. We also saw that the entropy 
change ( As) is proportional to the third power of 'm'. 


Now consider equation *4.5,9 from the last Unit, but 
inverted. 


(v-1)M, “sine + 2 


2 2 (*34.5,92) 
(y+1)M, sin” 8 


tan (0-6 ) 
san $ 


We can rearrange this to show: 


al . (y+l)tan(8-8) _ (yv-1) (*1.5,9b) 
M. “sinfe Stan 8 2 


By applying the auspicious trignometric relations and 
me ranging we can show that this becomes: 


DN sad (YTI) sinio sinia 2 
DURO Ur e oec CE NE o 


Notice that for small values of 6 where we can approximate 
Bem GC as 6, and cos(0-9) as cos 9: 


M, ^sin*e -1 × [ED 7 tan | 6 (#5.1,2) 


You saw from equation *4.5,8 as applied in the "Special 
Problem": 


231 (ua ap 


ES 





Note that M, in equation *5,1,3 represents the normal 
mach number (My) and since from unit 4.5(b) we saw 


Mn = My Sin 6 


Thus Equation (*5.1,3) as applied to oblique shocks is: 


2 1 e Y 


CR D 
4 = (m sine - 1) (*5.1,4) 


Thus we can now see that for small deflection angles (and 
hence weak shocks) combining Equations (*5.1,4) and 
(*5.1,2) yields: 


2 
Paoa = P yM 
2 | 1 
ME eae 6 (Fa 
"Eo NER 


We can draw the conelusion from this that for very weak 
obligue shocks the pressure change across the shock is 
01 010161011231 to the deflection amete. 


2 


Jo ١ 1) 


In summary: 4P «m where: m= (M 


But also AP « m 


and AS c m 


Thus 


AS « pS a 53 


Now suppose we let the deflection angle become infinitely 
Small. What happens to AS? If AS is essentially zero 
for an infintesimally small turn, we can accomplish a 
finite turn 1sentropicalliy by a series of such Infinite - 
imally small turns, and the finite turn will have a 
finite pressure change. 

Furthermore, since this situation has no TOSSES 
15 reversible. Thus we can havé 'compresstons örzervans one 
depending on the boundary conditions. 
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Now regada sections Jals f.e and. (3 in -the tort. Note 

Carelully the reasoning which leads. to chez FranatTe eye: 

eran on fan pictured in Figure (20... amd 11 ل‎ 

In this isentropic (or Prandtl-Meyer) expansion process: 
1) Mach number Increases. 


2) Mach angle Decreases. 


Ir 





5.2 - Flow Equations 


esa section 71.4 in the text, through page 125. 


b. Notice that the tables are referenced to the boundary 
condition where Mo = 2-0 and VG > 0. Also notice Thame 
is the Mach number AFTER the turn. 





Figure rcm 


I 






NOW consider Figure 7.10 in the text. Suppose you were 
glven M] = 2.13 and asked to find Mo, given the angle 
yo-v, = 40°. From the Prandtl-Meyer flow tables in 
EUpendix D, you. can find the "virtual" angle PI. Mit 
puro have produced a Mach number ole ces. X S 
then add this value (309) to the value of vj-vo, and 
consult the table for v= 70°, we find Mo = MESA 


since this is an isentropic process, we know that Prc1-Pe2 
ENdST.-js5Teo , SO we may utilize Cae ISENTROPIC Tables 
(appendix A) to solve for static pressure and temperature. 


e. Now read the remainder of Section 7.4 in the text and 
mollow through the examples carefully. 


Mead Seetion 7.5 in the text... Note that for the 
compression process the assumption of Prandtl-Meyer 
flow (hence Isentropie) is only valia in a limited region 
UN copo the-wall. “The discussronwon concave corner 
(Section 7.3 in the text) shows that for many situations 
involving a smooth concave turn, the flow characteristics 
away from the boundary or wall can be found by considering 
the turn as a sharp concave corner.” Ihe tronstPlonerrom 
point to point close to the wall approaches the condition 
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of a series of Mach waves as shown in Figure fos, EDU IS 
we consider points away from the wall, we find the 
infinitesmally small compression waves coalesce into a 
irte oblique shook, Figure 7.6 im the text ls no en 
accurate d piction of the coalescing process. If the 
area close to the wall is enlarged, as in Figure *5.2. 


Figure *5,2 





We find an envelope of Mach lines forms as the Mach lines 
Coalesce forming a finite shock wave at the Inclination 
Angle, (0) corresponding to the overall deflection (6) 
and the initial Mach number. Since boundary layer and 
ether real gas effects at the wall are often neglected 
NURDSSIO engineering: considerations, we orten consider 
only the flow away from the wall. However if the turn 
es sufficliently smooth and gradual, the Prandatl1-Meyer 
low region may be significant, and the flow within a 
reasonable distance from the boundary may be treated as 
Pranätl-Meyer flow with reasonable accuracy. 
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5.3 - Wave Reflections 
EX Head Sections 7.6 and 7.7 in the text. 


b. Review the summary in Section 6.5 of the text which puts 
ereat emphasis on the importance of boundary condition... 
eu US now consider the two principle physical conditions 
that govern wave behavior. We shall accomplish this by 
analyzing the operation of a converging-diverging axi - 
symmetric nozzle depicted in Figure *5,3 which is operating 
Matween ils SECOND and THIRD creigical points O DAS 
at a physical wall, the flow must be parallel to the wall. 
We may view the central streamline as though it were a 
"wall", hence (if we treat the flow as one dimensional 
may consider the flow in region 1 to ube parallel te 
the centerline as depicted. For the second condition 
consider the boundary of the "free jet" as depicted by 
Mae dotted line in region or There Muse psss ue 
equilibrium along this boundary, so Po = Pambient» We 
can now follow from region to region and by matching the 
required pressures or flow direction angles, we may 
determine a great deal more about the flow conditions. 


e 
r 


~ 
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If we operate this nozzle with a pressure ratio between 
and and rd critical itis obvious that we need a compres= 
SOM process at or beyond the exit in order for ihe iion 
to end up at the ambient pressure. However, a normal 
shock at the exit will produce too strong a compression. 
What is needed is a shock process that is weaker than a 
normal shock and the oblique shock has been shown to be 
Just this. Thus, at the exit we observe oblique shock 


at the appropriate angle so that P5 = Pomb” 


te recall that the flow across an obligue shock is alra: 
deflected toward the shock and thus the flow in region 

is no longer parallel to the centerline. Wave front (B 
must deflect the flow back to its- original- axial direcviope 
This can easily be accomplished by another oblique shock. 
(an alternate way of viewing this is that the obligue 
shocks from both upper and lower lips of the nozzle "pass 
through each other" when they meet at the centerline. If 
one adopts this philosophy one should realize that the 
waves are altered in the process of traveling through one 
another. ) 


Mowe, Since Po = Panp, passage of the Ilow 2216081 011 
shock will make P3 > Pamb and region can not have 
a free surface in contact with the surroundings.  Conse- 
quently a wave formation must emanate from the point where 
wave (B) meets the free boundary and the pressure must 
decrease across this wave. An "expansion shock" would 
Hulfill our requirements but we know that no such animal 
can exist. We now realize that wave form (C) must be a 


Prandtl-Meyer expansion so that Pr = an 


However, passage of the flow through the expansion fan (0) 
pauses it to turn away from the centerline. Thus, as eden 
wave of the P-M "expansion fan" meets the centerline a 
Love form must emanate to turn the low parallel to the 
axis again. If wave (D) were a compression in which 
Girection would the flow turn? We see that_to meet the 
Boundary. condition of flow direction wave D) must be 
another P-M expansion. Thus the pressure in region 

is less than ambient. 


Can you now reason that to get from (5) CO © and meet 
the boundary condition imposed by the free boundary 

must consist of P-M compression waves. sSimilarly 
must-sconsıse,ot P-M compression *Weves an Order to turn 
Cae io rea) Om CD to match che direction or Ehe 
Una! Now. 3s Br equal tos gressep han, Ors less Une 
Pamp? You should realize that conditions in region 

are similar to those in region (3) and so the cycle repeats. 
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The situation described above (operation between 2nd and 
Bro Critical) is referred to as OVEREXPANSION.  Ipis aise 
described in section 8.3 in the text. 


From this example we may draw some general conclusions 
about reflections: 


1) Reflections from a Physical (or pseudo-physical 
boundgary where the boundary condition concerns 
the flow direction) are the same "family". That 
is, shocks reflect as shocks, compression waves 
reflect as compression waves, and expansion waves 
reflect as expansion waves. 


2) Reflections from a "free!" boundary (where pressure 
equilization occurs) are of the opposite family. 
i.e., compression waves reflect as expansion waves, 
and vice versa. 


Ene angle through which the flow turns from (3) to O 
w determined by the pressure change required, whereas 
the angle from to (5) depends on the flow in 
paralleling the "wall". 


Mt us now examine an UNDEREXPANDED nozzle. This Is 
meeration below 3rd critical. 


Figure *5.4 





Taz 





Note that the flow leaving this nozzle has a pressure 

pie aver nan ambient andate Low semper culete 

axis. Reflect back to Figure *5.3 showing the overexpanded 
nozzle and you will see that the condition is exactly the 
Same as region or. Thus the flow patterns ares ener same 
meen this point on. “This situation is also- describ omia 
Section 9.3 of the text. 


We should note that at tne jet edge in a real gas a 
SHEAR layer exists as a result of the velocity gradient . 


fer read Seetion 7.8 in the text. 
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5.4 - Supersonic Diffuser 


a. We will now examine the design of a fixed geometry 
supersonic diffuser. From our studies of supersonico z- nE 
we would assume that a converging-diverging section would do 
the trick - and indeed it will. However, there are some 
practical operating difficulties that must be considered. 


E Suppose we design the inlet diffuser for an airplane 
that will fly at Mach 1.86. From the isentropic tables we 
ee that the area ratio correspondine to this Mach Nowe. 
2507. We shall construct the diffuser with an area Patio 
(inlet to throat) of 1.500. Now let us follow the operation 
Oi this diffuser as the aircraft takes off and accelerated 
OILS design speed. Note that asche fligene 508688604 eacge. 
Mo x .‚43 the diffuser becomes choked. (Check the subsonic 
portion of the isentropic tables for the above area ratio.) 
This condition is shown in Figure *5.5a. Now increase the 
flight speed to Mu = .6. "Spillage" of external diffusion 
Securs as indicated in Figure *5.5b. -As Mo ls incr- o Sa 
1.0 there is a further decrease in the "capture area" 

(area of the flow at the free stream mach number that 
actually enters the diffuser). 


oe AS we increase M, to supersonic Speeds a dericho] 

shock wave forms. See figures *5.5d and *5.5e. Note that 

at the higher flight speeds the shock moves closer to the 
ile as less external difusion 425 ,equired To TEE 

M, = .43 at the inlet. Also note that it is necessary to 
fly at slightly greater than M, = 4.19 in order to have the 
shock attached to the inlet as shown in figure *5.5f 

(Check the shock tables to substantiate this.) If we now 
increase M. to 4.2 the shock moves very rapidly past the 

m oat- and forms in the divergent section dowastream ok 

mae throat as shown in figure *5.5gp. This is referred eg 
U:wallowing the shock" and the duffuser is said o be 
"started". Under these conditions we no longer have Mach 
imo in the throat. (Can you compute the Mach mumber coae 
exists in the throat?) We can now slowly decrease the flight 
speed to the design condition of M = 1.86 and the shock will 
move to a position just downstream of the throat and occur 
at a Mach number of just slightly greater than 1.0. (Thus 

we have a very weak shock and negligible losses.) See 

i omnee $05. 5h. 


d. Two comments can now be made on the above performance: 
1)» In order to “start” the diftuser., qe E 


designed for 1,08, 46115 necessary LO even. 
speed" the plane to a Mach number of 4.2. 


124 





2) if the piane slows just slightly below 
its design speed — or perhaps minor air 
disturbance might cause it to drop below 
1.986. — the shock wi LI pop our in Pron ver 
the inlet and the diffuser must be started: 
all over again. 


In (a) thru (f) 
M, = 1.0 


M,-.43 (a) 


(5) Figure 


(C) 


(d) 





(€) 








M.=4.19 (f) 


لولس 


MA = A34. 
—> M>4 20 | (9) 
A 
M,» 1.0 
4 
1.86 < M,< 4,20 : (I 
د‎ > 


that either of these situations‏ 56655326105 501110 12 | كد 
cannot be tolerated and for this reason one does not see‏ 
Mixed geometry eonverging-diverping QiTTusersazzwezean‏ 
not summarize the behavior of fixed geometry diffusers‏ 
as is depicted in figure *5.6.‏ 


5 


shock 'swallowed' 


M 


Figure *5.6 











E Nc tO 
swallow shock 


design area ratio 


detached shock 
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i 
LCL Se. 
1 “7 
NES 
= es 
ss DI 


UNE: F ara | 


pee) Alero is 


=. Read Section 8.5 in the text. 


b. Follow carefully through the examples in section 8.5. 


Ter 





UNIT 6 - FANNO FLOW - OBJECTIVES 


The student shall be able to: 


ie: 


List assumptions and restrictions applicable to FANNO 
FLOW and relate these to real physical situations. 


Sketch a Fanno line in the h-s and T-s planes, identifying 
the regions of sonic, supersonic and sub-sonic flow. 


Describe the variation of static and Stagnation pressure, 
static and stagnation temperature, density and velocity 
as flow varies along a FANNO line (for both subsonic 

and supersonic flow). 


State what is meant by "ehoked flow". 


Describe the eifects of changing duct length i os 
Fanno flow situation in supersonic and SuUbSornl SEON 


Define "friction factor", "equivalent (or hydraulic) 
diameter", "absolute and relative roughness", "absolute 
and kinematic viscosity", and "Reynolds number", and 
know how to deberes. ci 


Starting with basie prineiple ss geriverexypressıor 20, 
property ratios such as Io I P screen me 
Mach number and specific heats, in a Fanno flow situa- 
tion. (for Honors credit) 


Describe (including h-s diagram) how the Fanno tables 
are developed by use of a reference location. 


Demonstrate the ability to solve typical Fanno flow 


problems by use of the appropriate tables and/or 
relations. 
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UNIT O =- FANNO PLOV = SEDES USD 


6.1 - Introduction to Fanno Flow 


n We have to this point touched only briefly on kher T 
of friction losses. This unit will analyze the elfect Tor 
flow in a constant area duct with friction. The results 
this analysis have many direct engineering applications in 
eompressible fluid flow, and will pave the way Tornin mai cc 
Mae rstanding of the efifeersror friert ion كرت‎ TU ا‎ 

npoenr any circumstances. To simplify the analysis wesen 
assume that the flow is adiabatic and no shaft work is 

ed Lo, Or extracted from the flow. This aS Due eee 
generally quite valid when dealing with reasonably short 
suUueus where no special attempt zs made to transier hec M 
work. Additionally, we shall assume steady, one-dimensional 
flow with no appreciable change in potential. This type of 
Flow is known as "Fanno Flow". 


ib. We shall first consider the effect of these assumpr lon. 
on the basic equations. Then the general variation of fluid 
Properties with Mach number will be considered. Shines 
morkKing equations for Panno flow with à perfect gas Wins 
developed, from which we may see how values are tabulated 
With respect to a reference condition as has been done with 
enrseks and isentropic flow. Thus we mill simply une 
business of problem solving. For your own benefit, summer 
the assumptions that we are making in Fanno Flow. 
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6.2 - Basic Development of FANNO Flow 


consider first the continuity equation for steady onc: 
dimensional flow as developed in Unit 1: 


m = pAV = (*6.2,1). 


Since the cross-sectional area is constant, this reduces 


TO: 

pV = 0 (*6.2,2) 
We will assign a new symbol, "G" to the quantity 'pV' 
which is referred to as the "mass-velocity". So by 
@efinition: 

oV = G (*6.2,3) 


What are the units of "G"? 


Pe will now resurrect the energy equation, which for 
steady flow between any two points in the flow may be 
mitten in terms Of - stagsnation enchalpy: 


or IR 
But since 

4152 rS : 
then 

E o cnn E (*6.2 9 


We can write this equation in terms of static conditions 


as. 
2 
V g2 >= % 
= er: = ANE 
Ay h + 5 2 E ¢ ( 3 ) 
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Now assuming the potential remains essentially constant 
and utilizing equation *6.2,3 we can rewrite equation 
Hog as 





h + مط = س‎ = ¢ Coma) 


Exmce for a given flow, Gand Hh, are constant, veS CE n 
for Fanno flow h and p are uniquely related. We can now 
plot this relationship for various values of G (these are 
called Fanno Lines) in the h-v plane (recalling that 

pe 1/0): 


393^ "TES T 


Figure *6.1 





if the ftobid is known; one can also plo as ac ewre 
*6.1, lines of constant entropy (dotted lines) which come 
from thermodynamie considerations. We can then replot 
the "Fanno lines" in the more familiar h-s plane as shown 


in Figure *6.2. 


du 





Figure *6.2 





We may now state in general that the combination of the 
eontinuity equation with the energy equation and the 
thermodynamic equation of state (which established the 
lines of constant entropy) form the locus of points on a 
given Fanno Line. 

One factor stands out: 


Since CNIS rs ADLABA TIC. Seve wee == UNS O 
Wey enUrOpy Can be generated ls moy ا‎ 0 Sora 


process can only move toward INCREASING values of 35. 





152 





6.3 - FANNO FLOW versus MACH NUMBER 


a. We shall note that due to the irreversible nature of 
FANNO Flow, a FANNO LINE consists of two distinct regions 
dated by a Linitinge Point. 





T > Decrease 
Ar A Pressure 
INCAN AS 


P Limiting poine 
Figure *6, 3 


A line‏ وين 





We note that in the upper branch a process (which must 
always result in INCREASING ENTROPY) results in DECREASED 
PRESSURE. From Figure *6.1, we say what as enthalpy 

@ creases, so must density decrease, hence veste mE 
INCREASE! 


b. Now consider for yourself what happens on the LOWER 
branch. Draw an arrow on the Lower Branch of Figure *6.3 
to indicate which way a process must proceed. AS we move 
alone iis (OPancicOl bre anno. Lines 

Enthalpy 

Density 

velocity 


Pressure 
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eros now consider the LimitCine Boing. We race eel 
COn explore. a condition where as “ers. Recalling thE cM 
equation (neglecting Potential changes). 


EM A E (oM 


0 = dh + س‎ (A6 3 


aso recall that 

V = ¢ a 
Darferentiating this we- obtain: 

pdV + Vdp = 0 („56 . 3,20) 
or 


E ee (*6.3,2b) 


Substitute equation *6.3,2b into Equation *6.3,1 and solve 
tor- dh: 


dh = MERO! (*6.3,3) 


Recall the thermodynamic property relation 


Tas = dh - vdp (*6.3,Ha) 
Tds = dh - > (*6.3,10) 


IL 





combinine Equations 6. 5,3 ana nern western 


(Orr 





UNIS expression 18 valid tar ani Point on a Hann os i inep 
We now apply equation *6.3,5 to the limiting point where 
es = 0, then we find av the limiting point: 





dp _ Via 
p BoP 
Or 

an dp E 3p 

V -  €e do Sc Jp 
At s=constant 
Br mb 
Pointe 


We recognize this as the expression For ac (see section 
pee in the text). Hence at thew tins pone: 


V = a 


or 


Lon 





6.4 - WORKING RELATIONS for FANNO FLOW in a PERFECT GAS 


a. From the continuity equation in steady, one-dimensional 
flow in a constant area duct: 


G = pV = ¢ i (*6.2,2) 


ad trom the definition Ofte Mach number. 
V = Ma 

ame for a Perfect Gas 

Equation (*6.2,2) can be re-written: 


PM _ ¢ (*6.4,1( 


JRT 
YE 


C 


b. Now we turn to the Energy Equation. We showed that 
between two points in a Fanno Line: 


h = h (*6.4,2) 


h ZEO (Xo p 
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T = T = T, = ¢ So uD 


We also saw that for a Perfect Gas: 


T = T+ a M^) (3.6) in text 


so between two sections 


-1 2 


= 
1 Zen: E M^) (*6.4,5a) 


T, (1 cT 


2 
2 1 ) 


Or as a temperature ratio 


T 1 + 2م لحلا‎ 
D 3 => (AO See 
1 m جد‎ M, 


By expressing the relation in Equation *6.4,1 between two 
points in the flow we can write 


C EP (#6.4,6a) 


This can be restated as a ratio of the static pressures: 
1/2 


P M 1 
ih n (2) (#6.4 6b) 
11 
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or, utilizing equation *6.4,5b we can now obtain an 
expression for a ratio of the static pressures in terms 
of y and Mach Number: 


i72 


(o D 


= 


TO 
no 
= 
سم‎ 
(m 
بم‎ 
F 
s| مإ‎ 
inf: 
لم‎ 
= = 
— 
no 
A 


= 
-+ 

y 

NO 


Have you seen some of these equations before? For what 
kind of flow? What assumptions have you fed into these 
eanatLlons so far? 


Wn recall che property reraton 


dP 
p 


dl 2‏ 1857ل 


What restrictions, if any, are attached TO TRIS er UNUM 
I we now recall from Section I. Krzınstchezrextr char 


Hune c AT (*6.4,8) 
and 
= 2 *6.H. 
C. B c ] ( 9) 


we can show that 


© SE CE (*6.1,10a) 
yo p 
and we can rearrange this to show 
اران‎ ULM ois (*6.1,10b) 
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Now integrate Equation *6.4,10b between two points in the 
flow to show that 





= zen nn x ar x 
5 1 ln m ln (2003 So 


Utilizing the expressions we have just developed for the 
Svavic pressure ratio ana tbe static temperature Taro 
we can now express the entropy change as a function of y 
and Maeh Number: 


17/2 


DO 

— 

+ 
Ed 
ROO nL 
HI le 
= 

— 
mj m 


(#OoO 


لام 
au‏ 
_ 
NO‏ 
DD‏ 


You can now combine the terms of this expression to show 
that 








mr E 
5-8 M | بن لمجلا ي‎ 2 | yti 2 
el oz 1 3 = l (x6 HON 
= in — zug 
R بر حا + د | ل‎ > 
a Mo 
Or 
vad 
S_-S M 1 + Veh pm 2 | 2(v-1) 
2 2 د‎ 
1| 1 + m M, 


Refer back to the section where we developed the stagnation 
pressure ratio as: 


i _ As 
E ¿DOE (*3.3,15) 


You should satisfy yourself that this relation applies to 
Fanno Flow. 
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If we now convert Equation *6.5,11e to: 





YEI 
RS M. |1 + Yelm? | 20D 
2 i. 1 2 2 
R M Y-1l 2 
2 1 + vm M. 


Now take the anti-log of both sides to obtain 


ytl 
> T e 


= Co c et co eau -— — = TER 
E i vui FO POM 
2 


We now have the means to obtain all the properties at a 
downstream point (2) if we know all lhe 656052565 
some upstream point 1 and the Mach Number at point . 
Put we need to be able to predicb une Mach Number tau 
from the physical set-up of the flow (i.e., Duct length, 
etc.). 


en Unit 1, we developed an express ron. op he mote malo 
Equation as it applies to steady, one-dimensional flow in 
any fluid 


e a e (1.606,10 
Ec Eo 


2 
dE P faxV 


p Da? Bo 





If we now apply the perfect gas law and the definition 
of Mach Number to this equation, we can show (neglecting 
Potential change): 


er TE am 
dP (RT) i tax» YEcRT + M YEckRT av = 0 (*6.4,14) 
n Da م25‎ En 
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This can be rewritten as: 


ap fax My Y e n c لل‎ y 
= + 7 Soe E I XC ND (26.010005) 
I 1 


These ENO cono cec M TT 
eliminabineg aV in the- last rernm 
of Equation *6.4,14. Can you 
shew this? 


We must first evaluate aP/P as a function of Mach Number. 
Erom- Continuity: 


2 t (*6.4,6) 


Therefore: 


InP + صد‎ 1 - 5hT = in ¢ (*6.4,16a) 


Bifferentiate to show: 


0 E x 
> + - 50: 0 (*6.4,16b) 


Now we must obtain an expression for dT/T as a function 
of Mach number, From the energy equation we obtained; 


_ y-i y? ang 
1 DD 


DI 


in T + 1n (1 + FHM) = inf (*6.4,17a) 
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Again differentiate to obtain 


a ap 
ae + za = 0 (8654 M 
2 


Now combine equation *6.4,17b with equation *6.4,16b 
and substitute into the momentum equation in the form 
of equation *6.4,15 to show: 


A 
a(l + = w*) 2 
E E x E EA d T "a ite ) E (*6.4,18) 
A Y l + a M YM 1 M 


We can now integrate equation *6.4,18 from point © va 
edt) (2) in the flow (see Figure *6.4) to obtain: 


. Y-1 2 2 
f(x5-x) fe L + -5> M, MH d 1 vu Ms 

D ty gm gis. 2, a S 
E De 2 1 1 
(*6.4,19) 


Figure *6.4a 


Figure *6.4b 








Knowing the duct length (x> - x1), flow rate, fluid and 
duct material (hence the friction factor), configuration 
(to obtain De) and all conditions at one point, we may 
now find the conditions at the other point. 


The solution of problems (as in previous analyses) is 
Simplified by the Introduction ola reference eondTtr re 


The obvious choice is the limiting condition where 
M JI rouges leto T1 C) be the ">" condition 9 


M 1.0; reached by Fanno Flow) then: 


7 a 


l 


px 


lt 


En 


Point (2) may be any other point in the flow. Equation 
*6.4,5b may now be reduced to: 


ee 
T 2 x 
mx = u ( 6 
T 1 4+ E M^ 


Using a similar approach, obtain the expressıonszror 


ay E 2 (*6.4,21) 
and 

Pc 

nn Ve 2 (pH 

Bu 
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You shoulá also be able to corroborate that 


1/2 
2(1 + خجلا‎ yê) 
a (*6, 45 239 
Me tele 


| 

| 
< 

| 
Zr 


Now check your expressions for P/P* and P,/P,* by 

solving for any arbitrary value of Mach (subSonic or 
supersonic) and using a value of y = 1.4. Then compare 
your solutions against the tabularized values in Appendix 
Bin the text. 
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6.5 - Applications of Fanno Flow 


a. Applying the reference condition to equation *6.4,19 
er, M, = 1, M, = M) yields: 


1 + Y. yf 
NOx") _ xt —— se 2007 10 3 | 
D. Em ms p SDN a= 7 "is lji (GU 


Since x* is always greater than x (see Figure *6.lb), 
it makes sense to change all signs in Equation *6.4,24 
to obtain a positive expression which we can Sip Lid E 


x. RR E 
E . ytl ln 5 M A a 1 (*6.4,25) 
De ey Vas he Y M* 
l + 5 M 


The quantity (x*-x) now represents the maximum duct length 
which may be added to the given duet and still maintain 
the same flow. This expression 


L 
max 


U 


cabulated in Appendix E in there:‏ 25د 


b. In order to solve problems we must be able to calculate 
01 101102211 دق ع2‎ (f) and equivealentitos InvaraulTe | 
diameter (De). From Unit 1 you may recall the definition 
of these two quantities. 





A, 
f = 2 
p 

م25 

UA 
D. ± — 
a v 


For a circular duct, D. is simply the diameter (D). 


E 
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Tne friction factor may seem a 1252321212 SINCE vile 
shear force (te) is difficult to measure. However, you 
may recall from your previous conrses in Fluid Mechanic e 
that friction factor is a function of Reynolds nun -Cn 
and "relative roughness” which we can define as dE DOREM 
"e" is an average value for the absolute roughness of a 
given material. Table *6.1 gives some typical values of 
ve (which has the dimensitonasot “feet") To” variods 
materials. Thuszchemwelarıy TO SG CC 
dimensionless parameter. 


TABLE *6.1 


TYPICAL ROUGHNESS VALUES 


Material ucc ino recu 
elass; Dracs, eopper.wlead Smooch < 000 
ACI, wrousht iron 200 DES 
asphalted cast iron .0004 
galvanized iron ¿0005 

east iron ‚00085 
wood staves 002 
Concrete zo 

mi ve ved es lee. 0 


Similarly, Reynolds number 15 a mdimenstonless paramo 
which relates size and viscosity. Reynolds number is 
defined as: 


where y is "absolute viseesıry. 


e metderine a Kinemavle VISCO yi 
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Table 3 on page 387 in the text gives typical values for 
uga" for various gases. With this information, and 
knowing the conditions at a given point in the flow, we 
can calculate the density and velocity (remember G = pV 
E hence Reynolds number. Then using experimentally 
derived curves such as depicted in Figure *6.5, the 
friction factor may be determined. 


Laminar flow - f 


knowing 
€ 
we can 


find f 


Figure *6.5 





IN == (log SCALE) 


e. Now read sections 9.1 and 9.2 in the text. Study care- 
My example 9.1. 


f. Now consider the following example problem: 


Given a circular duet with these specifications 


1 
Diameter - 6 inches HU m d 
Length - 100 feet (Ax) 


L 
2 
Material = Galvanizee tron ps max 





ES 


max 


Figure *6.6 


at 





It is desired to have this duct deliver 800 cubic 
feet/minute of air at 70°F and 18 psia. Find the inlet 
conditions required at point (1). 


First, let us summarize a step-by-step problem solution 
technique: 
1) Sketch the physical problem. 


2) Establish and designate locations where conditions 
are known and/or desired. 


3) Compute the Equivalent Diameter. 
A) ind fie con mia etole: 


5) From equation *6.4,19 (or the Tables using FL 
if known) find Mach number(s). 


0, 


max 


6) Use relations or Tables to find additional properties 
desired. 


Now let us apply this approach to our example problem. 
Steps 1) and 2) are done in Figure *6.6. 

mecall for a Circular duct that the Equivalent Diameten 
ThE pipe diameter. 


Da = ,5 feet 


From the Table *6.1 for Galvanized Iron the value for 
e/D is 


Ojon 
y 


To find Reynolds number we must know p and V. Since we 
know the conditions at (x We can compute 


T 
"ON SEE 
2 
a NETS QM s 494/540 = 1128 ft/sec 
E 
EE nue 3 
يج - وه‎ .0918 lbm/ft 
2 
_ TD x T 2 
Dorv CMS 
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AV» = Volumetric flow rate 


So 
V5 = ft/sec 
———_ AMM 
Vo 
M, = سے‎ = 602 = 250 
a 
2 
Np = a 
€ = 
D 0 


Now you should be able to determine rom tae “arta cnica 


RPEPTotion Factor for Pipes aha: 


f=) SH LITER, 22 
50 


er ee, 
(.5) 





D 
-From the Appendix E, for M, = 208 
nus 

D D D > 


Now. consult Appendix b vo find M4 
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L 
max 


D 


. 49081 





Now knowing M] and M> you can use the property ratios 
to Obtain the propertie: at DONE 


M c. a E NM sS 


Note that we do not have to bother with Subscripts on 
the * quantities (such as T* and P*) since for any given 
Fanno Line there is only one reference location. 


Now read section 9.3 In the text. "Pay elaosezaereneeon 

to the flow situations as described in Figure 9.16. 

We will not delve into the subject of Iso-Thermal Flow, 
but if time permits, you are encouraged (oO, (atc eae 
Chapter 9 in the text: 
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Unit 7. - RAYLEIGH FLOW = OBJECTIVES 


toe student shall be able to: 


i. 


ootate- the -assumptions and restric ions uUcilized=in 
the analysis of constant area flow with simple heat 
transfer (Rayleigh Flow). 


Given the general equations of energy, continuity, 
momentum and state, demonstrate how the assumptions in 
objective (1) modify or eliminate each term. 


Sketch a Rayleigh line in the P-v plane together with 
dines of constant entropy and Times OI CON pem 
ature. Indicate the points of maximum temperature 

and maximum entropy, and the directions of increasing 
entropy and temperature. 


sketch a Rayleigh line on a TSIM IODINE TMG 
the regions of Sonic, Subsonic and Supersonic flow. 


Describe the changes in fluid properties which occur 

as one moves along a Rayleigh line for the case of heaving 
and the case of cooling in Do hE uD Onie nde eS 

senle flow. 


Correlate the reference points of maximum temperature 
and maximum entropy on a T-s diagram of a Rayleigh 
line with those on a P-v diagram. 


Explain what is meant by "thermal choking". 

Explain by a T-s diagram how the flow adjusts to the 
addition of heat in a eonstiant erea duct in a her me 
choked" flow situation in Bochzsnbsonie and supersenne 
11 


Solve typical Rayleigh flow problems by the use of 
tables and equations. 


LS 





a) 


b) 


EL 


Unit 7. — RAYEBEGA TOO TUDO TO 


Introduction to Rayleigh Flow 


Constant area flow with 1 1 MEL trans tecla 
addition or removal, is called "Rayleigh flow". We 

Will approach the -analysiew cl evs flow cond ttre 

in a manner similar to that used in previous flows 

such as normal Shocks benno Tiley ower. Ne wal a ea 
develop the basic equations as applied to the 217 1 
flow situation. Then perfect gas relations will be 
anvroduced. Finally, we "minerales tare e redee 

state which permits tables to be developed, which will in 
turn simplify problem Solution best. dues: 


Read oection 10.1 11 Terrenos 


1 





7.2 - Basic Relations 


a. We can summarize the assumptions made in Rayleigh flow 
as follows: 


Steady flow 

One-dimensional flow 

Negligible change in potential energy 
No work (shaft) 

Constant area 

Negligible friction 


OUT Su MH 
A es عي‎ 


This last assumption warrants some comment since internal 
irreversible effects (dS4) are obviously present. What 

1S really being said is thee Sin. me garden D 
significant heat transfer the change in entropy from this 
cause (dSe) will be relatively large. Thus the assumption 
that is actually being made is that: 


AS. >> dS; 
Sua we can thus mneptecrb ds, and say that 


dS, x ds (T D M) 


mS Prom the continuity equation, we 111 
pAV = m = E 
but A 


pv = ¢ 


Dor you, recall This expression: mron Nare a ame whe 
this constant? 


q hence we can Say 


c. The energy equation for steady, one-dimensional flow can 
be written as: 


h + W (aan 


ea cM 


ta 


LE 





Kor our flow a = 0 , and 
12 


h 


0 OS nt Cy vee) 







Note" or Canton: 
blas Ls the Tirst major TION COLCEOLY T 
which 'hg' has not been constant. Consider 
27586121667 835.3" 1 Te! be constant? 


Recall our basic momentum equation in differential form: 


BE ke ON E (47 2s 


mo hos ur x5 x0 E, 


dP *o —— = 0 (ren 


From continuity we know that pV = G = constant. Thus 
the momentum equation can be written as 


ap + — = 0 (*7.2,6) 


C 


This can easily be integrated to c 


ren (OUT OPE 


15! 





Unc Dy SUDSUIUULDING Tor the ye loc ms e ae 
written as 


pee a ايه‎ 

EP 

or E 
PH E v = Constant (na 

c 


For a given flow rate this indicates a linear relationship 
between P aná v. Try sketching equation (*7.2,9) in the 
Peay plane. "This line is calleazz z'payızojcheiiner. 


Figure *7,1 





V 


fs an aside, rewrite equot)jonwW er ا‎ 


BANN 
Sc 


PA + = Constant 


or 


PA + m v Constant 
En 


Compare this expression with equation (4.2,5) in the unb 
on shocks. This constant is sometimes called the "impulse 
function and is’ given the synio doh Eor E ل‎ y o 
authors. 


if we ada lines of constant temperavure CO OUI DIOL 


(this is easy if we are dealing with a perfect gas) 
we will have a diagram as shown in Figure *7.2. 


pom 





A 
‘Increasing 
Temperature 


N 


Figure *7.2 





Consider a heating process which moves from A to BD along 
the Rayleigh line. If we add more heat, we move farther 
along and the temperature increases more. When point C 
is reached, the fluid. haS reached a Taximum temperature; 
Can we move farther along this Rayleigh line? What is 
One limiting Tactor? 


Recall that as we add heat wezarezmereasıinerchesenerony 
of the fluid (dSe = dq/T). Thus we had better investigate 
lines of constant entropy. When these lines are plotted 
on Figure *7.2 they are very similar to the lines of 
constant temperature, To get an accurate picture of what 
this plot will look like we must investigate the relative 
slopes of 'T = Constant! and 'S = Constant' lines in the 
Fv diagram. gy IL will be much easter ero carry Cus b 
investigation if we consider perfect gases. 


ia Constant” tine 
Pv = RT = constant 


Pdv tvdP = 0 


and 
SE = - E (*7.2,10) 


la 





TOL a SG = COSTE e 





Pv! = constant 
v'dP 4 Pyy) ay = 
and 
-1 
Gr yY P 
dv Mi E Cum 


Comparing equations (*/1.2.10) an peo O O ea 
that y is always greater than 1.0, we see that the 

'S = constant' line has a greater negative slope and 
thus these lines will plot as shown in Figure *7.3. 


Figure *7.3 





We now see that we can add more heat and go past the 
point of maximum temperature until we reach the point 
of maximum entropy. Let us pause for a moment and see 
Rt Theis appears reasonable: 


Normally we think of the addition of heat as causing Tie 
fluid density to decrease. This requires the velocity 

to increase since pV = constant, The increase in velocity 
requires a Certain increase Im kanevßrczenerey SS 

some of the heat which is added goes into increasing the 


D 





kinetic 'enerey of the UG ERI SOE INCE ACES CG 
enthalpy (temperature) of the fluid. As we add more heat 
the required velocity increase (and corresponding kinetic 
energy increase) becomes larger and larger. Eventually 
we reach a point where all of the heat energy added is 
needed for the kinetic energy Mmerease AT caen e 
reach a maximum enthalpy (temperature). Further addition 
of heat causes the kinetic energy to increase by an amount 
greater than the heat energy being added. Thus from this 
point on the enthalpy (temperature) decreases to provide 
the proper energy balance. 


Can we fo past the point of makinuntencropy ا 2 ا‎ 
addition. -An alternate way of cta inean e ا‎ G 
more heat can be added to the system if we wish to 
maintain the same low rave (es ao es ae 
Rayleigh line). Thus, we see that a limit point has been 
reached and we say that the flow is "choked." We next 
Proceed to investigate this 1I MED ee 





At the point of maximum entropy the slope of the 's = 
constant’ line is the same aS TT GST tne cu name 
Recall the equation of the Via tea wane. 


2 
P + NE Constant 


Sc 


Differentiate to obtain 


2 Care 
AB en (um e qas 
dv Bo Bo 


Recall the slope of the 's = constant’ line: 


OMM m x 
av y YO RT ( 7 


We now equate these: 


eee EC (*7.2,13a) 





and solve for 


VÍ = g,yRT Cie) 


158 





You immediately recognize this as sonic velocity and 
aus the ‘limiting point divides Che Tale ME OG 
a subsonic branch and a supersonic branch (similar to 
Pies Situation in ranno flow). Subs ome Movers on. me 
Teit and supersonic flow is onthe Tign MODEM e 
poant an thE Tv diagram. 


mother interesting fact can Ce nNnoted TG ELISE EOC 
limiting point. Recall the entropy relation from 
Seectilon 1.20; | 


Uc ane = (1.22) 


The differential form of equation (10.2) may be written 


_ pVav 
Sc 


dP = ) 


The property relation in equation (1.22) can thus be 
expressed as: 


TaS = Qh + (re e2 


At the 'thermal choke point' where M = 1, dS = 0, so: 


U E ORT ven ETE o) 


C 


Eutesrate this CoO. obtain: 


E 


h + 
Ee 


= Constant (*7.2,17) 


We have already shown that this is the expression Tor 
!stapnatauon euthabpy"* (nepllecrimg poremusa |). 





ve ac. ICE RU 
h, = h + — = ¢ point (Bere) 
28, ONLY! 
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since at this ilimi ing po mel coast Ms 


equal zero. Thus 5 237271521100125 CHI DPO: 


The above situations become more clear if the Rayleigh 
line is plotted in the h=s plane along with its associat a 
stagnation curves. This has been done in Figure *7.4. 


Figure *7.4 


Rayleigh Line 





Now correlate this plot with the previous information 

and satisfy yourself that the static and stagnation lines 
are properly drawn. Compare this figure to Figure *7.3. 
Can you add lines of constant pressure to Figure *7.4? 
Note that for a perfect gas this is equivalent to a T-s 
diagram. “En. which direction docs ras clan a proc Ss MO 
along the subsonic branch? How do heating and cooling 
processes move on the supersonic branch? 
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IE - Workine Relations Lon Rey leen rones tene ctas 


a. 


We now proceed to develop property relations of a function 
of Mach number and specific heat ratio. These will be the 
working equations used for problem solving. We introduce 
the usual perfect gas assumptions as we have done many 
times previously. 


From the momentum equation (*7.2,7) we can write: 


pV " 
e 07.809 
put 
V^ = Mea = Moye RP (*7.3,2) 
and 
op 
م‎ 2 RT (RT 59 
Show that 
P(1+yM) = ¢ (AT AE 


Thus the pressure ratio between the two points is 


E yM, 
ي و‎ QN 


2m o yM,* 


How would you obtain a rato tor 


m 
کس‎ 92 
Em 


Is this related to the entropy change as we have 
previously always been noting? 
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We saw that the continuity equation could be expressed as: 
pv. = — Constant 


show that this can be written as: 


au, = ¢ Ceres | 


M 2‏ و 
Dc E E | (#7.3,7)‏ 


T 1 + yM ne M : 
DN 1 2 x 
a = [——5| 5 (*7.3,8) 
n lo yM, M 
In Unit 3 we saw that 
= qm 
al XS F M* ] eoo EM 
t 2 
text 
Now you can show that 
Teo jo vede Mo MEME ME 
_ 1 2 2 2 y 
T E 2 2 y =1 2 ( us 
Ey Do yM» My JL ss > M, 


In summary, considering any two points in the flow system, 
if we know the properties at point D and one Property 

al Point (2) we can compute ai soother “conditions av 

point 
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Can we predict what will occur downstream? 
Yes, if we have information concerning the heat transfer. 


From the energy equation we know that 


= * 
Rg NE h cU 


Thus in general 
and for perfect gases: 


M Eu ا‎ ro) 


If we know the rate of heat transfer we can easily solve 
١ 52 Te, and then use eduariocn® c EI SN M5; and 
all the other properties are easily computed. 





WARNING Note that: Giso 7 me. # cat | 





The above developments assume nz constando. 

In some cases where heat transfer rates are extremely 
nigh with Large temperature ehiaieeser- su lene, Cp may 
vary enough to warrant using an average value for Cp. 
ll, in addition, sienil icant “vara temas li y OCCUR. EE 
will be necessary to retira tte wie SIC equal Lon ena 
derive new working relations, treating y as a variable. 
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7.4 - Reference State and Tables 


a. We again introduce a reference where the Mach number is 
unity — as reached Dy hE process ار ا‎ CIC 
iles, by Ray lelgh Trova e Sia Le LS CE 
Condition.: Note, In fiero aie. sow bli Ss DONE 
introduced in both the TS diagram and the physical 
diagram, for a subsonic, heating example. 


Figure 77 





Complete the following diagrams (Figure *7.6) for a 
Supersonic, COGEINE CDE 





u T Figure *7.6 


un the previous equetions leo 
(om 1 211 01ر6‎ 1011 and Ler (2) b 
TTO TT THEN 


Donc D be the reference 
©1510 551162 2861116 1111 


Mie = pew M, = M 
P = E S o ET 


16! 





DO 


ho 


le E 
sE = ers L era 
1 E 


— 
=- — 


50 


Derive the expression for T/T*: 


4 


- = 2 (#7.1,2) 


in like manner, expressions tor Te Olli 2105-5 anne 
obtained and all of these are found tabulated in Appendix 
am the textu 


Pick a value for 'M' and let y be 1.4. Compute the 
corresponding value of T/T* and check your value in the 
tables. 


Now read Section 10.2 and study the examples carefully. 
We will cover the remainder of Section 10 in the next 
unit which deals with the correlation of Rayleigh and 
Fanno flow. 


Note that in Figure 10.5 in the text, the mass flow rate 
adjusts to a new Rayleigh line if heat is added to a duct 
in which the flow is CENO 


It will prove profitable to prepare a summary of the 
property changes that are taking place in the subsonic 
and supersonic regimes for the heating and cooling 
processes. Try to fill in the spaces in Table *7.1 
without reference to the tables in Appendix F. Use basic 
equations, special equations and/or diagrams that have 
been developed for Rayleigh flow. For each property, 
indicate whether that property is increasing, decreasing 
or remaining constant TOT COC ToT 
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TABLE *7.1 


Property Heating Cooling 
M < 1 M> 1 MW M>1 


Stagnation 
Enthalpy 


(and temperature 
if a gas) 


Entropy | 















Latic 
Pressure 


Velocity 


Mach Number 







Catic 
Enthalpy 

(and temperature 
if a gas) 


Stagnation 
Pressure 


| 











Unit 8 ~ CORRELATION OF FLOWS - OBJECTIVES 


mie student shall be able to: 


ie Compare Similarities and Gaifterences among Fanno 
Flow, Rayleigh Flow and normal shocks. 


2. sketch on the same h-s diagram a Rayleigh Line, a 
Fanno Line and a normal shock process (all for the 
same flow per unit area). 


3. Solve typical problems involving various sequential 


combinations of Fanno Flow, Rayleigh Flow and/or 
normali Shocks.: : 


Be 





a) 


b) 


c) 


m 


Unit 8 - CORRELATION OF FLOWS - STUDY GUIDE 


1121100110 1931 


In the previous developments, we have utilized the 
Dasic equations relating to fluid flow and have de- 
veloped relations which have eonsidered the effects 
ot only one ot these, "factors" at د‎ Mme eem 
gain a great deal more flexibility in problem solving 
by considering various sequentialecombina tion to 
Fanno Flow, Rayleigh Flow and Normal Shocks. 


Another type of problem involves simultaneous addition 
(or removal) of heat with friction effects of the 

same order of magnitude, and may even also include 
changes in area. Exact treatments for problems of this 
type usually involve 26010015 e pe en 

as explicit solutions can not be obtained. Your text 
touches on some of these problems in sections 9.4, 

9.5 and 10.5. You arereneoprasceastezrescdschesen ee IE 
after you have completed this unit. 


In this unit we wish to bring out some of the similar- 
ities and differences among Fanno Flow, Rayleigh Flow 
and Normal Shocks. Thus we shall assume steady, one- 
dimensional flow in afcon Torn aoa e aCe a ep 
ble changes in potential and no shaft work. 
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8.2 - Fanno Flow with a Normal Shock 


a) 


b) 


c) 


d) 


Recall From Unit. 1 6 cinoutse 
om Thrust" Function: 


m V 


C 


PA + 





= F Gros 


We saw that in a shock the two states (before and 

after the shock) displayed the same flow per unit area, 
bhe same sLapnation enchalpyzendzche7same impulse 
function. To corroborate this, re-examine equations 
an man once 


A Fanno Line represents states with the same flow per 

unit area (m/A), and the same 'stagnation enthalpy' (h+). 
Als the flow passes alone a ramios bin o SL 5e »cTUNEID UNES 
the effects of ? Because of this the ‘Impulse 
Function' does not remain constant. Suppose we now plot 
the 'Impulse Function! versus Mach number for a Fanno 
Eine. Sucha plot is pictur damo mone eos le 


Figure *8.1 





Note chat tor every Dont once. Psonxcobmcnone 

there is a corresponding point on the subsonic branch 
where the Impulse Function has the same value. It should 
be obvious that points AT ana BS si aa e o e aa 
for not only the Fanno Line bub alsoezrporzche Normal Soc 


Thus we can imagine a shock between points A and B 
in Figure *8.1. Would this shock process occur from 
Debo. B Aor Iron PAOTR 
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e) 


Consider a constant area duct such as in Figure *8.2a 
which is experiencing Fanno Flow. We can now visualize 
the possibility ol a shock ins Nedu eE Repe C Ured 
between points (2) and (3). This situation meets the 
conditions of flow alone chez persone pranchror ga 
given Fanno Line from point 0 POD Oia 2) and flow 
along the subsonic branch of the same Fanno Line irom 
to CH) . We. Canvalsosp2or rau Sula Luo i tine 
h-s plane as shown in Figure *8.2b. 


Figure *8.2a 





Figure *8.2b 
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9.3 - Rayleigh Flow with a Normal Shock 


a) A Rayleigh Line represents states which exhibit the 
same flow per unit area and the same impulse function 
but do nov have a (cOnstanmeeevaciat) creche lov cue sre 
Beat transfer. We can Diclé Ga lC ine san ae 
corresponding Stagnation Eno nato TE ii EN eu dca 
as shown in Figure *8,3. 








conditions 


Rayleigh Line 
Figure *8,3 





> 


Notice that for every point on the supersonic branch 
Of the Rayleigh Line “there wisvaecerrescronding pola ec. 
the subsonic branch which has the same stagnation 
enthalpy. (Also note that the converse is not always 
true). Would q? be greater than, less than or equal 
nO EN Why (or why not)? 





b) As with the Fanno Flow and a Normal Shock, we can now 
surmise the existence of a duct experiencing Rayleigh 
Flow and a Normal shock Töormins rs assoreruree In Bıeure 
*8.4a. The corresponding process is shown in the h-s 
plane in Figure *8.4b. Note that the flow from point QD 
to point (2) and the flow from points (3) to (4) lie on 
the same Rayleigh Line. 


La 








Rayleigh Hayleigh 
Flow Flow 


Figure *8.Ha 





Figure (8.4b 








io 





p. 


a) 


b) 


C) 


d) 


Rayleigh Flow, Fanno Flow and Normal Shocks 


Consider now the combination of Rayleigh Flow, Fanno 
Flow and a shock process all for the same mass flow 
per unit area, as pictured in the h-s plane in figure 


*8.5. 
Fanno Line 
Rayleigh Line 


Figure ¥8.5 





S 


We have seen that points D and (2) have the same 

mass flow rate, the same ampulse Tunction, and the same 
stagnation enthalpy; andwihnus scams ive On a Kanno Ling; 

a Rayleigh Line, and at opposite sides of a Normal Shock. 


From the units on Rayleigh and Fanno flows we saw 

that when the "choked flow" condition was reached along 
the subsonic flow branch, the mass flow rate re- 
adjusted to provide for flow along a new Rayleigh 

Line- (or Fanno Line) if more heat (or duct length, 
hence friction) was added to the flow. In the super- 
sonic regime the readjustment can (and usually does) 
take the form of a normal shock. In this case we do 
not necessarily have Lo move oz zw Ranno Cr hey lenta 
Line since once subsonic flow has been obtained we can 
add much more heat, or introducen more itrice ton. 

as the case may be. Many problems can be considered 

by matching these three types of Plow processes 
sequentially, knowing the flow conditions. hec us mos 
consider qualitatively two such possible combinations. 





Consider the combination in figure *8.6a. Assume that 
only when heat 1s, being transicrrecemay tricvion 
effects be considered negligible. 


6 





Fanno Rayleigh Fanno 
Flow Flow Flow 


Figure *8.6a 





If this entire flow system is in the subsonic regime 
the h-s diagram would be that shown in Figure *8.6b. 


Figure *8.6b 


5 


We may describe the process as follows: 


1) From (D to (2) the flow is along a Fanno Line 
hence 'hy' and 'm/A iin ie n 


2) From © to (3) 'm/A' remains unchanged as does 
^CO! (i.e., 'PÀ 4+ mV/go'), botodue vo the heat 
transfer, “Rif” XS INC ا‎ 


3) From (3) to (4) the flow is along a different 
Fanno Line even though ICN TE same "m/ 2. 
The reason is that the stagnation enthalpies for 
the two Fanno Lines are different. 


Now suppose we consider the situation in Figure *8.6a 
but with supersonic: ilow comine Im ar Poan A EN e 
this situation in the h-s plane in Figure *8.6c assuming 
that the flow 1s not. choked: 
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Figure 


*8.6c 


We can easily imagine the amount of heat added from 

to (3) exceeding that required to "choke" the flow, 
in which case a shock could possip nz Form. Many 
interesting possibilities could result depending upon 
the boundary conditions imposed on the system. Are the 
original stagnation conditions maintained? If the flow 
is subsonic at the lexic vna a e oo mere ian 7 


It might prove useful to summarize the effect on fluid 
properties of flow in duets in the supersonic and 
subsonic regimes for the various types of flow. 


Table *8.1 
Rayleish Flow Fanno Flow Normal 


Property Cooling Shock 

er M>1 

Pressure LINDE 
BEES 
Ban 


Stag. Temp. hel 
Density لس مر ا اط ل‎ S? X 
Impulse rt] | [I I | > PD 


Check this table with the information developed in the 
Previous units aña satisfy yourse I Sb Ie PINO Ina pem 
LS COrFrect.. 


Now read Section 10.3 in the text. If time permits, 
glance at Sections 9.4, 9.5 and 10.5. 
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APPENDIX B - 


STUDENT EVALUATION QUESTIONAIRE 7 


ا "Gas Dynamics" - Quarter ay.‏ ,3043 دنا 


Please answer these questions as completely and candidly 
as possible. The results will in NO fashion effect your 
grade, but will be utilized in assessing the value and 
2. ırabllity of this methoc rolas Lame ona 


Where you are given a scale on which to indicate your opinion; 
a descriptive work (or words) is provided to define each 
extreme. Please consider the scale linear with the mean 
midway between 2 and 3. You may thus circle 1, 2, 3 or 4 

to indicate your own attitude relative to the extremes. 

Any amplifying comments you may wish to add to any question 
will be greatly appreciated. (Use the back of the question- 
aire or attach additional pages, as desired) 


E. How many previous courses (of any duration, here at NPs 


or elsewhere) have you taken which were... 


SELF STUDY [Ave.1,9) ? 


PROGRAMMED 





SELF PACED Ave. 2.9) ? 


55 had had many 


BE. Indicate your opinion CE THE 11107 01 TUBE ToOrronine 
educational innovations (NOTE: 
may NOT have been included in this course.) 


a. Defined 





Res teatvures Mayucn 


Objectives (no value) 1 2 3 4 (great value) 
b. Self-Study 
Concept (no value) 1 2 3 4 (great value) 
c. Self-Paced 
Instruction (no value) 1 5 (great value) 
d. Study Guide (no value) 5 (great value) 
Check Tests (no value) (great value) 
Group 
Discussions (no value) 1 2 3 4 (great value) 
Sa individual 
POCO ie (no value) 1 2 3 4 (great value) 
h. Audio- 
Tutorial (no value) 1 2 3 4 (great value) ! 
(Tape-Slides) | 
i. Final Exam (no value) 1 72 X Nsreat value) 2.67 


"Boxed values indicate the average results of Questionnaires 
returmecdstortche writers 
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STUDENT EVALUATION QUESTIONAIRE (page 2.) 


Ihe following questions pertain to the materials/methods 
used in this course. Please consider each question as it 
mel lects on the course 3S a whobeccthengcapmo be ODE NUMEN 
pour Opinion. Then below each question: identity 
(or section) to which your general answer does not apply and 
esplein why. ناملا‎ 1111 2526132517 12114 1 02101 oS 
course materials at hand whrjlezeön ل لل‎ ga er 
E. How would you rate ChE Cli 01 eR oU e ar NU 


(obscure) 172, 3 4 (clean) 


EXCEPCIONS: 
Average rating - 3.58 


4. Did you find the Study Guides understandable? 


(obscure) 1 2 3 4 (clear) 
Eccc OS 


Average ratına ol 


b. What is your opinion Of the area Tzacieonzorzeri er ler 
Guides? 


(confused) 1 2 3 4 (logical) 
Exceptions: 


[Average rating - 3.42 


6. Were sufficient graphs/diagrams/etc. provided in the 
Soy eo aes: 


(far too few) 1 2 3 4 (far too many) 


Exec prions: 
Average rating - 2.42 


T. Were there enough example problems provided in the Study 
Guides? 


(far too few) 1 2 3 4 (far too many) 


Examples: 
¡Average 12 es 15] | 


I, 


00 
y / 4 
| o 
KC 
ME: E 
0 
a x 
Pus 
0 v 
39 
A 
man > 
E 
ieee 47 
u 0 | 
S E i 
| E 
ne 
"s mE 
fA 
m a 
we 





STUDENT EVALUATION QUESTIONAIRE (page 3.) 


0, 


it. 


T2; 


8 


Were there enough nomevork oro TS LOUIE COC OUT 
the material? 


(far too few) 1.273 24 san Boo many) 


Bxeceptions. 
Average Paving = 3.04} 


Was a correct 50227610113 051 the cvarter al locavca mor sine 
completion of each unit in the course: 


(too little time): | 4s ere once bine 


Exceptions: 
Average rating - 2.58 | 


Outside of the scheduled problem sessions, on the average, 
how many times did youtcons repens erence lor tor 
advice/assistance, per unit? 


Average - | time | 


Did you seek advice/assistance from your classmates? 


Exceptions: 


(seldom) 1 2 3 4 (regularly) 


Exceptions: 
Average rating - 2.5 | 


How do you feel the course materials aided you in pre— 
Daring för. che cheekzr nr 


(useless) I 2 AO e) 


Exceptions: 
Average rating - 3.58 


How beneficial were (he neck ل‎ Or 
the major quizzes/final exam? 





(useless) 122) 3). Gina sipae ) 


EreepLlons: 
Average ratin ea US 
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STUDENT EVALUATION QUESTIONAIRE (page 4.) 


14. 


oe 


Ie 


e 


On 


19. 


Estimate the percentage of your total study time 
expended come m soc 


| Average rating - 257 | 


Do you feel any unit Wwasmexecesaively Lone o) eno 
(If so please identify and comment.) 


Unit one - 2 
Unit four- 2 


How do you feel the amount you learned using this 
controlled, self-study method compares with what you 
would have learned in a conventional lecture course? 

(less in this course; about the same; more in this course) 


B 7] Pu 


For several reasons this course was run on a 
controlled-pace basis. 





a. Would you have liked the course better if it were 
completely self-paced? 


Yes - 5 
Nov vo 


b. If it were run on a completely self-paced basis, 
when do you think you would have finished the course? 





on time - T 
early - 2 
late - 2 





If you took a self-paced course and you were among the 
first Students to success 1 Vou 
you be Willing to serve asterisco. Lose onda 
more difficulty? (please comment) 


Yes - 11 
No - 1 





Assuming check tests would be retaken until mastery of 
material is essentially demonstrated, and that failure 
of a check test would not be held against you - would 
it be better to have more comprehensive check tests and 
eliminate the major quizzes? (please comment) 


Ves eS 
No <6 





12 


a 





DR 





STUDENT EVALUATION QUESTIONNAIRE (page 5.) 


20. Would you prefer check tests to be 


closed book? 7 
ODEN Dook? 0 


Pari Open. 
part closed 1 


oral.: I 
2l To. what extent has participation 22 52/15 course improved 


your ability to. "decipher "a typical l Text boomer 0 
paper? 


CO 


Juri tube 


much 2 


22. Given the choice of some type of self-study method as 
opposed to instruction sima Zee mention le leer ae 
method, which would you prefer? 

(You may qualify your answer in any way you choose... 
but please give your reasons. This is your chance 
to comment on anything you feel this questionnaire 


overlooked.) 





NO 


self study 


lecture 2 


23. Would you like to take all your courses by Some type of 
a self-study method? 


no = 16 
yes -|3 
undecided  -|3 


THANK YOU FOR YOUR TIME AND EFFORT! 
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APPENDIX C - 

SELECTED COMMENTS EXTRACTED "FROM SIDE NTIOUESTLONNATERS 
DD OOBITIQUE SESSION. 

Question 19 


"xe yes... elimindbe thea mc SI Ve ODIUM OS 
well at a specified time..." 


"Yes. Retakes under present check test, hour quiz policy 
are senseless waste of time." 


"No because it is very tiresome getting up for a test 
every week" 


"No. The check tests are aids, but the quizzes are for 
grades. (forgive my poetic license)" 


Question 21 


Come DY author: 
In general the studente mece NC OSCO GC CNC ICE 
of this question. Severa® commented that theyened 


no basis on which to answer. Most answers seemed 
hesitant, or non-commital. 





Question 22 


"Self study involving lesson guides, (audio-visual perhaps) 
Pros seus 
Followed by active participation seminar to reinforce 


important points" 


"Prefer a lecture. I have a good memory so I can keep 
up with previous ideas while learning others. Most 
lecturers speak at an easily grasped pace for me." 


Comment by author: 
9 of the 12 questionnaires indicated a preference 
for this method or some modification of self-paced 


qustpgotlone 





Conment. from Crit que session 


Tis This was really not what’) would call self=tauent 
but was more like an ideal tecture wcourse, unere 
everyone has read his lesson assignment before class 
and the material is re-inforced by the professor in the 


tecture... 


pur 


TO. 


I, 


I. 


13. 


1H. 


>: 


LIST OF REFERENCES 


Harman, Willis W., WewchsuccE GEG CO TO TC 
p- 3, Information Bookleo Series ola eliana 
Branch,. Episcopal Diocese von te uuum T S. 


Rickover, H. G., Vice Aamir SD P5 uc paco ue 
lpeedom. Dutton. 195% 


Fúller, R. Buckminster | ECUCI TT ON one oe Pe NIS 
Beets, uo 


Flammer, G. H., "Learning as netos nora nome tas 
the Variable,” Engineering ames tt palote ddr Ja 


Koen, B. V., "Self-Paced Instruction for Engineering 


Students,  Hngineering Hence rer ON 


Gilbert, T. P., "Matheties wane poem ل‎ NE 
Cybernetics and Applica LIT DD MUR 1969. 


Deleeco, J. P., Educatriondc M cem NOD O OS 
Rinehart and Winston, 1964. 

Postiethwait, S. Niu, Noval ay cee 
The Audio-Tutorial Approach to Learning, Burgess, 1964. 


Harrisberger, L., "Self-Paced Individually Prescribed 
Instruction,” Engineering Educa TG GECE March eto ae 


Keller, F. S., "Goodbye, Teacher...," Journal of Applied 
Behavior Analysis, vol. 1, p. 79-89, Spring 1968. 


Koen, B. V., and Keller, F. 151.  bxpemvenoce wit 
Proctorial System of Instruction,  Bapaneering CI O 
p. 504, March 1971. 


Flammer, G. H., "Learning as the Constant and Time as 


the Variable," Engineering Education, p. 514, March 1971. 


Koen, B: Va, “Self-Paced dInsorucrue qol را‎ 
Studenes," Ensineerine Faue Doreen: 


Sherman; Qes Pol: “Some Notables clics. IG e 
Keller Method Workshop CONICET ENE TT nice University, 


Houston, Texas, 18 Maren 1972, 


Dressler, A. J.,’ed. ,»„Proceesimesszkeilter EUROS TIDE 
Rice University Houston: lexas zyarch 1972: 


182 





6. 
E. 


KS. 
NO 


U. 


zs 


we. 


John, J. E. A., Gas Dynamics, Allyn and Bacon, 1969. 


Shapiro, Ascher, The Dynamics and Thermodynamics of 
Compressible Dares HNO ey Ol 2a ae 


Rotty, R. M., Introduction to Gas Dynamics, Wiley, 1962. 


Hall, Ne A., Thermodynamics or Piura nhon Tren eee 
qs 


Sontag, Y. and Van Wy lan, Gale. NMeHUodymmemucc We 
LOO, 


Mager, Re Fis Preparing true tion lO Ervin 
1962. 


Gronlunds, Ni Des Duane ال ا ل‎ OT 


Classroom Instruction, Macmao Meu A 


183 











INDREAE DISTRITBEI EOS 


No. CODICES 


Defense Documentation Center 2 
Cameron Station 
Alexandria, Virginia 2231! 


Library ya Code 0212 2 
Naval Postgraduate School 
Monterey, California 93940 


ASSOC. Prof. Robert Zucker SL EE 2 
Department of Aeronautical Engineering 

Naval Postgraduate School 

Monterey, California 93940 


LCDR Ernest Lewis 
21617 South Valentine 
Riverdale, California 93656 


Chairman 1 
Department of Aeronautics 

Naval Postgraduate School 

Monterey, California 93940 


Chairman, Department of Physics and Chemistry 2 
Code 61 | 

Naval Postaraduate School 

Monterey, California 93940 


184 


Secunty Classification | rud M ML een ت‎ NC 
DOCUMENT CONTROL DATA-R&D 
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report Is classified) 


1, ORIGINATING ACTIVITY (Corporate author) 


Naval Postgraduate School 
Monterey, California 93940 


28, REPORT SECURITY CLASSIFICATION 


Unclassified 


2b. GROUP 
13 REPORT TITLE 


A Personalized System of Instruction for Gas Dynamics 














4. DESCRIPTIVE NOTES (Type of report and inclusive dates) 


Master's Thesis; September 1972 


$. AUTHORIS?) (First name, middle initial, last name) 


4 


Ernest Lamar Lewis 


Toe, REPORT DATE ` 2a. TOTAL NO. OF PAGES ` |75. NO. OF REFS 
December 1972 186 
se. CONTRACT OR GRANT NO. pa. ORIGINATOR'S REPORT NUMBER(S) 


b. PROJECT NO. 





e, 9b. OTHER REPORT NOLS) (Any other numbara that may be assigned 
thie report) 


. DISTRIBUTION STATEMENT 


Approved for public releases distribution unlimited. 


. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, California 93940 





ABSTRACT 
Pepersonalized System ol Instruct wen compinine che DICT 

of auto-tutorial instruction with modified self-pacing was applied 
Meta course in the: fundamentals of gas dynamics taught to thirteen 
students in the Department of Aeronautics at the Naval Post- 
Ep odUate school, Monterey, during the Spring quarter of 197/2. The 
Course results are summarized and the instructional materials 
developed for the course are included as appendices. While some 
degradation was apparent due to modifications made to the method, 
the results tended to affirm the substantial value of this 

| instructional method and its Super loro Lo che conventional 


lecture method. 


———— 


3 gt EI LN) 
| FORM $ 4' 


| S/N 0101-807-6811 185 Security Clessification 








A~31408 








Security Classification 


ur 





KEY WORDS 


Self-Paced 


10 056 21 

Bersonalızeg Inogt uction 
Mutorial Instruc i en 
Rayleigh 

Fanno Flow 


Gas Dynamics 


DD 95 (473 (o0. 
S/N Olí 97-687) 186 


Security Classification 


>; 








thesL606 


A personalized system of instruction for 


